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THERMOPOWER OF Mg, Cd AND Zn BETWEEN 
1-2° AND 300°K* 

V. A. ROWET and P. A. SCHROEDER 

Department of Physics, Michigan State University, East Lansing. Mich. 48823. U.S.A. 

(Received 7 July 1969) 

Abstract—The two independent components of the thermopower tensors for the hexagonal group II 
metals Mg, Zn, and Cd have been measured between I T and 300°K. Throughout this temperature 
range the results are highly anisotropic. Extrema at low temperatures (< 40°K) are ascribed to phonon 
drag effects. Many correlations suggest that these extrema can be directly associated with the dimen¬ 
sions of the various sheets of the Fermi surfaces of the three metals. 


1. INTRODUCTION 

This project was commenced with a view to 
testing the hypothesis that various sheets of 
the Fermi surface of a polyvalent metal would 
make discernible contributions to the phonon 
drag thermopower. A similar project has been 
carried out by Jan and Pearson [1] on the inter- 
metallic compound AuSn, but from a rather 
different point of view. From the anistropy of 
the phonon drag thermopower they attempted 
to deduce information about the then unknown 
Fermi surface. In contrast we have chosen 
metals with well known Fermi surfaces which 
are topologically similar, but which at the same 
time have significant differences that aid in the 
correlation of the phonon drag thermopower 
with the known Fermi surface topology. 

2. EXPERIMENTAL 

The thermoelectric tensor in hexagonal 
materials has two independent coefficients 
corresponding to measurements made parallel 
and perpendicular to the hexagonal axis. If 
we make a thermocouple consisting of a crystal 
with its axis parallel to the hexagonal axis with 
junctions to two Pb wires then 

St = 


‘This work was supported by the National Science 
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where S,, is the parallel component of the 
thermopower tensor; AT is an incremental 
temperature drop between junctions; A«f> is 
the thermo-e.m.f. of the thermocouple so 
formed; and S Pb is the absolute thermopower 
of Pb, which is well-known over the range of 
our measurements. A similar expression holds 
for Sj_ the perpendicular component of the 
thermoelectric tensor. 

In our experiments the sample was main¬ 
tained electronically at a mean temperature, 
T. while a small temperature gradient, also 
electronically stabilized, was produced by an 
electrical heater at one end. AT and T were 
measured by Au, 0-028% Fe-chromel thermo¬ 
couples. The output of the AT thermocouple 
fed into a Keithley 149 millimicrovoltmeter, 
which in turn drove the A"-axis of a Moseley 
2D2 X-Y recorder. Ad> was measured by 
a Keithley 147 nanovoltmeter which drove the 
V-axis of the X-Y recorder. To eliminate 
spurious thermal e.m.f.s in the A<f> and AT 
measurements, at a given temperature, AT 
was given various values up to 0-50°K at 
room temperature and up to 0 1° at l°K. For 
each AT value a A<f> value was recorded on the 
X-Y recorder. The slope of the straight line 
so obtained gave A<f>/AT independent of any 
steady thermo-e.m.f.s generated in the leads 
to the measuring instruments. 

The cryostat 

The cryostat is illustrated in Fig. 1. It is 



V. A. ROWE and 



Fig, I The cryostat. 0 and H refer to cold and hot junc¬ 
tions of Au, 0 028% Fe-chromel thermocouples attached 
to the crystal sit the same point as the Pb-crystal thermo¬ 
couple junction. M is another Au, 0-028% Fe-chromel 
thermocouple junction for measuring the crystal tempera¬ 
ture. Htr refers to the heater wound on the crystal. B is a 
binding post and S an epoxy seal through which the A 7 
and T thermocouple leads were extracted. 

designed so that measurements can be made 
from 1° to 300°K in the same apparatus. For 
measurements below 4 2 0 K the outer can is 
removed and the temperature of the inner can 
and crystal is adjusted by pumping on the 
surrounding liquid helium. Between 4-2° and 
35°K the space between cans is filled with 
helium at a controlled pressure. This is essen¬ 
tial to give a larger heat leak to the bath, since 
large heater powers are necessary in this range 
to give a measurable temperature gradient 
down the crystal. Above 35°K the space is 
evacuated during a measurement, but helium 
can be introduced at any time to lower the 
crystal temperature between measurements. 
Above 77°K nitrogen is used as the cryogenic 
fluid. The inner can is always evacuated and 
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all leads are wrapped many times about the 
binding post B before going to the crystal. 
The Pb leads of the A</> thermocouple were 
lead up the pumping tube and eventually 
were taken out through an epoxy seal. The 
leads from the A 7' and T thermocouples were 
taken through the epoxy seal S and joined to 
copper leads below the liquid helium or nitro¬ 
gen level. 

Samples 

Measurement of absolute thermopower 
was made on single crystal rods of magnesium, 
zinc and cadmium, oriented parallel and per¬ 
pendicular to the hexagonal axis. In Table 1 
we give the sources of the single crystals used, 
the purities of the starting materials and the 
residual resistance ratios, p(300°K.)/p(4-2°K). 

The cadmium crystals were made in a 
horizontal zone refiner using a heat lamp 
focused on the crystal to produce the molten 
zone. The starting material, ‘69’ Cominco 
Cadmium, was melted in a carbon crucible 
in an atmosphere of hydrogen and carefully 
seeded to give the required orientation. 

Table 1. Sources of samples, purity of 
starting materials and residual resis¬ 
tance ratios (p(300°K)lp(4-2°K)) of the 
crystal samples 



Source 

Purity 

R.R.R. 

1 

M.S.U. 

‘69’ 

24000 

Cd 

II 

M.S.U. 

‘69' 

44000 

i 

Alfa 

inorganics 

‘69' 

2600 

Zn 

II 

R.C.l. 

•59’ 

15000 

1 

Aremco 

‘49’ 

24 

Mg 

II 

Aremco 

•49- 

65 


3. FERMI SURFACES 

In this section we describe features of the 
Fermi surfaces of Cd, Zn and Mg important 
to this investigation. 
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Figure 2 is an O.P.W. model for the Fermi 
surface of magnesium [2], Shown reduced into 
the 1st Brillouin zone (a) is a 2nd band hole 
surface usually referred to as the ‘monster’. 
The piece labelled (b) is a 1 st band hole pocket, 
hereafter referred to as a ‘cap’. Inset (c) 
pictures a 3rd band electron surface usually 
called the ‘needle’. Inset (d) is the 3rd band 
‘lens’. Inset (e) is the last electron sheet in the 
3rd band often called the ‘butterfly’. The last 
sheet, (f) is an electron surface in the 4th band 
referred to in this work as the ‘cigar’. 



Fig. 2. O.P.W. model for the Fermi surface of magnesium 
(after Ketterson and Stark[2]): (a) monster (holes); (b) 
caps (holes); (c) lens (electrons); (d) butterflies (electrons); 
(e) needles (electrons); (0 cigars (electrons). 

This surface is typical of all three of the 
hexagonal metals we have studied. Certain 
changes in the O.P.W. picture for the other 
two metals result from their differing c/a 
ratios. For zinc with c/a ratio approximately 
1-831 [3], the needles shrink considerably in 
girth and tend to become more representative 
of their name, while the first zone caps and the 
monster tentacles enlarge [4]. For cadmium 
the c/a ratio, 1 -864, has exceeded the critical 


value of 1-8607 at which Harrison [4] has 
calculated that the needles will disappear. 
There is also evidence that the monster waist 
is pinched off in Cd, breaking its < 1100> 
connectivity. Furtheririore it is likely that the 
third zone butterflies and 4th zone cigars lie 
above the Fermi level and consequently are 
empty [5]. 

A host of experimental evidence supports 
the topological truth of the above statements 
concerning the Fermi surfaces of these Group 
II metals. We cite the most recent and 
complete work here for Cd[3,6,7] Zn[3,8,11] 
and Mg[2,9,10]. 

The calipers of each of the various Fermi 
surfaces, for directions perpendicular and 
parallel to the c-axis, are shown in Table 2. 
Caliper data were culled from the sources 
listed above. Where only areas are quoted, 
simple assumptions were made with the 
O.P.W. model as a guide in converting to 
calipers. 

4. RESULTS 

The thermopowers for Mg, Zn and Cd 
are shown in Figs. 3-6. The results for Zn and 
Cd agree quite well with those of Gruneisen 
and Goens[12], but their results extend down 
to 20°K only. Furthermore their data were 
taken with copper as the reference metal, and 
it is well-known that the thermopower of 
copper is very sensitive to iron impurity at 
the low temperatures in which we are primarily 
interested. We notice that for each metal 
there is a pronounced peak in the thermo- 
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Table 2. Caliper dimensions D assoc¬ 
iated with different sheets of the Fermi 
surfaces ofCd, Zn, and Mg. Question- 
marks stand for caliper dimensions we 
were unable to attain from present data 
on the Fermi surfaces. Blank entries 
indicate the absence of these parts of the 
Fermi surface, e’ and h represent 
electrons and holes respectively 


Metal 


Cd 

Zn 

Mg 

Surface 


0- 1 

IXA ) 

0- 1 

D(A ) 

0-1 

IXA ) 

1st band 

i 

03 

0-3 

0-045 

caps 

i/i) 

ii 

0-50.3 

*) 

0-166 

2nd band 

L 

— 

0-074 

0-189 

monster 

waist 

(A) 

II 

— 

0-026 

0-242 

2nd band 

1 

0-384 

0-33 

*? 

monster 

tentacles 

(h) 

|| 

~ 

•> 

0-09 

3rd hand 

1 

— 

0-02 

0-189 

needles 

If) 

II 


— 

') 

3rd band 


1 .56 

1 59 

1-17 

lens 

(f) 


0-552 

0-53 

0-30 

3rd band 

1 

— 

*> 

0-68 

butterfly 

(f) 

II 

— 

0-73 

0-77 

4lli band 

i 

— 

Oil 

0-16 

cigars 

if) 

II 


0-11 

0-16 




power for T between 0 D I 10 and B,J 5 (= 
188°K, 308°K and 350°K, for Cd, Zn and Mg 
respectively [13]). This is the region where 
the phonon drag peak commonly occurs in 
many metals including the noble and alkali 
metals [14-18], tin [ 19], and lead [20]. Further¬ 
more, it is in this region that the peak in the 
lattice thermal conductivity occurs in many 
metals [21,22J. We assume that the phonon 
drag thermopower begins to decrease here 
because the effect of the diminishing relaxa¬ 
tion time for phonon-phonon umklapps begins 
to be appreciable at this point. The sharpness 
of the peak will depend on the purity of the 
metal and we suggest below that it will also 
depend on the shape of the Fermi surface. 
By comparison with other metals we expect 
that phonon drag effects may be appreciable 
up to room temperature, but at that stage we 
would anticipate that diffusion thermopower 
becomes the larger component. It is clear from 
the data near room temperature that the 
diffusion thermopower is highly anisotropic 
especially in zinc and cadmium. The separa¬ 
te of the diffusion and phonon drag thermo¬ 
power cannot be performed with any degree of 
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Fig. 6. Comparison of S n for magnesium, zinc and cad¬ 
mium at low temperatures. 



Fig. 7. Comparison of S for magnesium, zinc and cad¬ 
mium at low temperatures. 


confidence at this stage, but we tentatively 
assume that the diffusion thermopower is a 
monotonically increasing function of tempera¬ 
ture with the same sign as the high temperature 
thermopower. In the following discussion we 
refer to the parallel and perpendicular com¬ 
ponents of thermopower by the appropriate 
subscripts to the chemical symbol for the 
metal. 

5. DISCUSSION 

We consider first Cd L and Zn ± . These are 


rather similar in general appearance. However, 
there is one significant difference. At the 
lowest temperatures the thermopower of Cd ± 
remains positive whereas in Zn L there is a 
distinct negative dip. We suggest that this 
difference arises from the presence of the 
needles in Zn and their absence in Cd. For5 x 
the phonon flux is perpendicular to the major 
axis of the needles as shown in Fig. 8a. A 
phonon q interacts with an electron with 
initial velocity v* and causes the transition to 
the state of final velocity \ f . In the process 
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Fia 8 Electron scattering by phonons across (a) electron 
and (b) hole sheets of the Fermi surface. 

the electron velocity is reversed and this leads 
to a negative component of phonon drag ther¬ 
mopower. Order of magnitude calculations 
indicate that at ~ 2-3°K there are sufficient 
phonons with appropriate wave vector to 
produce an effect of the observed size. 

Notice that a transition across a full region 
(Fig. 8) usually leads to negative phonon 
drag contributions, and transitions across an 
empty region lead to a positive phonon drag 
thermopower. More precisely the contribu¬ 
tion of a phonon of wave vector q to the phon¬ 
on drag thermopower is proportional to 
V„<d.(t(V i-r/V/) where <o is the phonon fre¬ 
quency, ti and r/are electron relaxation times 
for electrons in initial and final states respec¬ 
tively, and V|, v,are electron velocities in ini¬ 
tial and final states respectively[23-25] V„<u 
is just the sound velocity. If we assume 
and q to have the same direction and 
t, - t, then the contribution of the phonon of 
wave vector q is proportional to q.(v,— v,). 
On this simplified basis phonons like those 
labelled q in Fig. 8 make a larger contribution 
than those labelled q’. In what follows we will 
therefore concentrate our attention on those 
phonons which have | q | equal to the cali¬ 
per dimension of the Fermi surface in the 
direction of the phonon flux. 

At higher temperatures we expect that the 
number of phonons capable of crossing the 
next largest piece of Fermi surface to increase 
to the stage when they make the predominant 
contribution. The next largest pieces of Fermi 
surface as far as Cd L and Zn L are concerned 
are the caps and monster tentacles (Table 2) 
and possibly the waists of the second band 
monster in Zn. These are hole surfaces, and 
the caps and monster tentacles are nearly the 
same size for the two metals. We, therefore, 


propose that the large peaks at 30 are caus¬ 
ed by contributions from the caps and 
tentacles. At this temperature it would appear 
that phonon-phonon scattering begins to 
predominate causing the observed rapid de¬ 
crease in thermopower and tending to obliter¬ 
ate further detail which might be ascribed to 
Fermi surface topography, though the rapidity 
of the decrease in Cd ± in particular might be in 
part caused by negative contributions from 
the larger pieces of Fermi surface most of 
which are electron surfaces. 

The Fermi surface of magnesium suggests 
that we might find significant differences in 
The needles are comparatively gross objects 
and the smallest pieces of Fermi surface are 
the caps. At the lowest temperatures we pro¬ 
pose that the caps make the predominant 
positive contribution, but as the temperature 
increases the negative contributions from the 
needles, the fourth band cigars and later the 
butterflies and lens take over the leading role. 

For Z«n the data have two distinct extrema, 
although we can only guess at the exact posi¬ 
tion of the lowest temperature peak. (The 
crystal fractured before the measurements 
below 4-2°K could be taken). The piece of 
Fermi surface with the smallest caliper dimen¬ 
sion is the monster waist. This being a hole 
surface we expect the observed positive 
contribution at the lowest temperatures. We 
ascribe the large negative thermopower there¬ 
after to the electron surfaces, the fourth band 
cigais, third band lens and butterflies which 
have caliper dimensions ascending in that 
order. Cd has the monster waists pinched off 
and an initial positive contribution like that 
observed in Zn ti is absent in Cd\\. The caps 
for this direction present much less area to the 
phonon flux and contributions from the 
monster tentacles which were important 
in Cd x and Zn L will be negligible in this 
direction. We, therefore, anticipate the com¬ 
paratively small positive contribution from the 
caps observed at ~ 30°K. In Zn lt this contri¬ 
bution appears to be swamped by the much 
larger negative components. 
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There is no obvious reason for the small 
kink at 6°K. in Mg (Figs. 3,6). Considering the 
low sample purity it is possible that it is assoc¬ 
iated with a resistance anomaly observed by 
Rosenberg [26]. Here we have a collection of 
surfaces which are not appreciably different 
in caliper dimension. It appears that the elec¬ 
tron sheets, the cigars, and lens win out over 
the hole sheets, the caps and monster waist 
in producing the negative extremum at 50°K. 
This is not surprising since both hole surfaces 
present small areas to the phonon flux com¬ 
pared with the electron surfaces. Indeed the 
fact that Sn is always less than S ± in the three 
metals in all but the lowest temperature reg¬ 
ions may be caused by the large area (and thus 
the number of scatterable electrons) which the 
lens presents to phonons in the measurement 
of 5||. 

6. CONCLUSIONS 

The low temperature thermopower data 
generally supports the hypotheses: 

(1) The sign of the thermopower at the 
lowest temperature is determined by the 
nature, hole or electron, of the piece of 
Fermi surface with the smallest caliper 
dimension. 

(2) As the temperature is increased, contri¬ 
butions from other regions of the Fermi 
surface successively predominate in the 
same order as their caliper dimension 
increases. The agreement is particularly 
strong in the following instances: 

(a) The initial negative thermopower in Zn x 
correlates well with the presence of small 
needles in zinc. Conversely the absence 
of this initial negative dip in Cd ± and 
Mg x is consistent with the complete 
absence of needles in Cd and with the 
presence of very gross needles in mag¬ 
nesium. 

(b) The initial positive thermopower in Z/% 
appears to be associated with the small 
monster waists in zinc. Again the 
absence of this positive thermopower in 


C<k and Mg t is consistent with the 
absence of monster waists in cadmium 
and with the presence of larger waists in 
magnesium. 

(c) The similar positive peaks in Zn x and 
Cd ± appear to arise from the approxima¬ 
tely equal caps in these metals. The smal¬ 
ler peak at lower temperatures in Mg x is 
in agreement with this picture. 

At higher temperatures where many por¬ 
tions of the Fermi surface contribute to phon¬ 
on drag, the correlations between thermo¬ 
power and the Fermi surface are not so dis¬ 
tinct and the effects are further confused by 
the incidence of phonon-phonon umklapp 
processes. 

Perhaps more reliable correlations, particul¬ 
arly at the higher temperatures could be made 
if the phonon drag contribution could be un¬ 
ambiguously separated from the diffusion 
thermopower. For metals with complicated 
Fermi surfaces this is a difficult problem to 
solve analytically. An experimental separation 
could be made in magnesium by making adilute 
alloy of cadmium in magnesium. The heavy 
cadmium atoms would then act as good phon¬ 
on scatterers and reduce the phonon drag 
contribution markedly, while producing mini¬ 
mal changes in the diffusion thermopower, 
since the two metals are isoelectronic. 

Acknowledgement — The authors are indebted to Dr. F. J. 
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MOSSBAUER STUDIES OF THE LltHIUM 
FERRITE-ALUMINATE SYSTEM 
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Abstract— Mossbauer studies of the series Li a3 Fe 2 5 .„A1„0,, where 'a' has values from 0 to 2-5 have 
been carried out. It is observed that in addition to the six line nuclear Zeeman spectrum, a doublet 
also appears at the centre and the intensity of this doublet increases with the increasing aluminium 
content. As a consequence of magnetic dilution, some iron species are isolated from the other magnetic 
species and have a short range of magnetic order. This results in varying sires of magnetic clusters; 
the regions which as a whole have very little magnetic interaction with the surroundings but within 
which there can be any type of magnetic ordering. The relaxation rate is much faster in the smaller 
clusters (also referred to in literature as superparamagnetic clusters) and give rise to paramagnetic 
spectrum. An attempt has been made to find the relative number of iron species which give rise to 
paramagnetic spectrum in terms of the surrounding non-magnetic neighbours. The anomalous mag¬ 


netisation behaviour of this series of compounds 
magnetic fields at the two sites has been discussed. 

INTRODUCTION 

Mossbauer studies of a number of fern- 
magnetic spinels have already been carried 
out[1-6]. The initial experimentsfl] have 
shown that the magnetic fields at the tetra¬ 
hedral and octahedral sites are about equal 
and therefore one obtains only one sextet 
with rather broad lines. There is now ample 
experimental evidence[3, 6 ] showing that 
the experimentally observed spectra can in 
general be resolved into two sextets with their 
centroids shifted with respect to each other. 
The splittings of the two sets determine the 
hyperfine magnetic fields and their centroids 
give the isomeric shifts at the corresponding 
sites. 

It has been shown in numerous other 
experiments [7-9] that the value of the mag¬ 
netic field at the nucleus is closely related 
to the saturation magnetisation, a macro¬ 
scopic property. Extensive crystallographic 
and magnetic studies [ 10 , 11 ] of the series 
under study have shown that all types of 
anomalous magnetisation curves are obtained. 
This anomalous magnetisation behaviour is 
expected on the basis of Neel’s Molecular 
field theory [ 12 ] of ferrimagnetism which 


and the temperature dependence of the hyperfine 

predicts a different temperature dependence 
of the two sublattice magnetisations. We 
therefore expected a different temperature 
dependence of the magnetic fields at the two 
sublattice sites. It was with this point of 
view that the Mossbauer study of the above 
series was undertaken. 

EXPERIMENTAL 

The compounds with compositions a = 0-67, 
0 - 88 , 108, 1 -20 and 1 -80 were prepared by 
mixing the Lin. 5 Fe 2 . 5 O 4 and Lio. 5 Al 2 . 5 O 4 
at about 1250°C followed by cooling in the 
furnace itself, as it is known [ 10 ] that there 
is no miscibility gap above I180°C. Li 0 . 5 
Fe 25 0 4 and Lio. 5 AI 2 . 5 O 4 were prepared from 
the metal nitrates by first heating at low tem¬ 
perature till decomposition followed by heat 
treatment at about 1210°C for 40 hr. The 
samples were left to cool in the furnace 
itself. The identity of the compounds was 
confirmed by taking their X-ray powder 
diffraction patterns. 

The Mossbauer spectra of these compounds 
have been taken using a constant velocity 
cam drive with a single channel analyser. 
The detector used is a proportional counter 
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with a resolution of about 15 per cent for 
the 14-4 keV y-rays. The source used is 
* 7 Co in Pd-matrix (unless specified otherwise 
in the spectra). The absorbers used for room 
temperature measurements were prepared 
by spreading the compounds containing 
approximately 0-7 mg 57 Fe/cm 2 on thin 
mylar foils and holding them by use of binding 
material. The absorbers used at other tem¬ 
peratures were in the form of coins made by 
pressing the compound after mixing with 
Li^CO*. The absorber used for the measure¬ 
ments at liquid nitrogen temperature contained 
approximately 0 5 mg 57 Fe/cm 2 . 

RESULTS AND DISCUSSION 
The room temperature spectra in Figs. 1(a)- 
(e) correspond to ‘a' values 0, 0-67, 0-88, 

I -20 and 1-80 all normalised to the same 
maximum count rate. Figure 1(a) which 
corresponds to Li B . 5 Fe a . 5 0 4 shows only one 
sextet but the line widths are too broad to char¬ 
acterise a single pattern. It can be resolved 
into two sets of six line spectra corres¬ 
ponding to the two sublattice sites as has been 
reported in a recent study [6]. Their reported 
values of the magnetic fields at the tetra¬ 
hedral and octahedral sites are 505 and 510 
kOe respectively. These values are in close 
agreement with our average value of (508 ± 
5)kOe. In Figs. l(b)-(e), we find that in 
addition to the six line pattern a new set 
of two lines appears at the centre and the 
intensity of this doublet increases with in¬ 
creasing aluminium content. The centroids 
of the magnetic and quadrupole patterns are 
shifted with respect to each other, the 
later being more negative by approximately 
013 mm/sec. The splittings of the doublets 
are found to be almost independent of tem¬ 
perature and aluminium concentration. At 
room temperature, the average value of the 
magnetic field of the aluminium substituted 
compounds does not decrease monotonically 
with increasing aluminium content, as should 
be expected from the large variation of their 
Neel temperatures T N . The value of the mag¬ 


netic field when calculated from the separa¬ 
tion between the outermost lines of the 
ma g netic pattern is of the same order of mag¬ 
nitude and is equal to (487 ± 7) kOe, but the 
field measured from the innermost lines 
of the sextet decreases with increasing 
value of V. 

Figures 2(a)-(d) correspond to ‘ a ’ value 
108 and show spectra at —195°, 24°, 180° 
and 380°C respectively. Figure 2(a) shows 
that at liquid nitrogen temperature the 
value of the magnetic field is (511 ±5) kOe 
and the doublet does not disappear. However, 
it may disappear if we go down to still lower 
temperatures. Figures 2(b) and (c) show that 
the average magnetic fields are (480±5)kOe 
at 24°C and (405±5)kOe at 180°C. At 
380°C in Fig. 2(d), the spectrum is only a 
doublet showing that the Neel temperature 
is below this temperature. The magnetic 
hyperfine split lines are numbered as IF, 
IF.,... W n in order of increasing energy 
and IF,„ stands for the separation between 
IF, and W,. 

A salient feature of these spectra is that 
on increasing the aluminium content or on 
increasing the temperature of a given com¬ 
position, the outermost lines (IF, and 1F„) of 
the magnetic hyperfine split spectra broaden 
considerably as compared to the inner ones 
and also the ratio (1F, 6 / FF 34 ) increases. The 
broadening of the outermost peaks is partly 
due to the instrumental broadening and varying 
environments for iron species resulting in a 
spread of magnetic fields. However the in¬ 
crease of the ratio {WJW 3t ) shows that the 
relaxation effects are responsible for this 
type of behaviour. 

The observed Zeeman patterns do not show 
any asymmetry in spite of the fact that the 
nuclei giving rise to the magnetic pattern 
are also subjected to nuclear quadrupole 
interactions. The fact that electric field 
gradient does exist at the iron sites is clear 
from the Mossbauer spectra of Li 0 . 5 Fe 2 . 5 O 4 
[61 above its T N and for a = 108 at 380°C 
Fig. 2(d), both showing quadrupole doublets. 
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Fig. I. Mossbauer spectra of l.i„ 5 Fe 2 .-,-„AI„0 4 containing approximately 0-7 mg 57 Fe/cm 2 at 24°C. 
(a) V = 0 and source in Palladium matrix, (b) V = 0-67 and source in Palladium matrix, (c) V = 
0-88 and source in Palladium matrix, (d) V = 1-20 and source in Palladium matrix, (e) V = 1-80 

and source in Chromium matrix. 



Fig. 2(a). 
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Fig. 2. Mossbauer spectra for V = 1-08. (a) Temperature — 195°C, absorber thickness =-0-5 mg 
S7 Fe/cm 2 and source in copper matrix, (b) Temperature 24°C, absorber thickness =■ 0-7 mg ”Fe/cm* 
and source in Palladium matrix, (c) Temperature 180°C, absorber thickness =■ 0-7 mg 57 Fe/cm* 
and source in Palladium matrix, (d) Temperature 380,C, absorber thickness =■ 0-7 mg ,7 Fe/cm' 

and source in Palladium matrix. 


This type of symmetric pattern [13] is expec¬ 
ted when the principal e.f.g. axis is inclined 
to the magnetic field direction at an angle 
Cos -1 (l/V3). 

The appearance of the doublet in addition 
to the sextet can be understood in the follow¬ 
ing way. The direct e xch an ge or super- 
exchange interactions with the magnetic 
neighbours are responsible for the magnetic 
ordering. In the present system under study, 
replacement of the magnetic atoms involved 
in an exchange interaction with a given iron 
atom by non-magnetic Al 3+ ions, isolates 
some of the iron species from the rest of the 
lattice as far as magnetic interactions are 
concerned. The isolated iron species should 


relax relatively rapidly while the introduc¬ 
tion of additional iron species into the neigh¬ 
bourhood of original one increases the relaxa¬ 
tion time. There are a number of papers in 
literature which have reported Mossbauer 
effect studies on systems either known or 
assumed to be superpara-magnetic, some 
authors have used the term ‘short range 
magnetic order’. Mossbauer spectra of super- 
paramagnetic systems are similar to those of 
paramagnetic system due to the relaxation 
effects. The system[14-16] (1 — jc) FeTi0 3 — 
x(ct — Fe 2 0 3 ) has been studied by static 
magnetisation measurements, Neutron dif¬ 
fraction and Mossbauer studies. The results 
indicate that in the temperature range where 
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short range magnetic ordering was observed 
in neutron diffraction studies, the Mossbauer 
pattern was a single line characteristic of a 
paramagnetic state. Their results also indicate 
that for certain region of composition, the 
superparamagnetic region coexisted with the 
large clusters having long range magnetic 
ordering. Ishikawa’s study [17] of the Zn 
FeA-NiFeA system is an evidence of the 
presence of clusters of varying sizes. The co¬ 
existence of quadrupole doublet and magnetic 
hyperfine sextet has also been reported in the 
experiments [ 18] with ultrafine particles of « — 
FeOOH (dimensions specified as < 200 A). 
The extremely small particles = 50 A are 
contributing to the motionally narrowed 
doublet where as the larger particles are 
giving rise to the sextet. Nakamura et al. [19] 
have shown that in Ni-Fe alloys the para¬ 
magnetic absorption line coexists with the 
normal ferromagnetic ones. Huffman and 
Fisher[20] have also obtained similar results 
in Fe-AI alloys and they have explained 
their results in terms of nearest neighbour 
interactions with small correction for the 
next nearest neighbours. 

The presence of the well defined doublets 
superposed on the magnetic sextets for all 
aluminium substituted compounds can be 
explained by assuming (a) that the major 
contribution to the paramagnetic part of the 
spectrum arises from the A -site iron atoms, 
(b) That the change produced by substituting 
each non-magnetic atom at B -site in the 
nearest neighbourhood of /1-site is quite 
large as compared to the corresponding 
change produced when A -site iron atom is 
replaced. The justification for making these 
assumptions is based on the following 
facts. 

}■ The most important interactions in the 
spinel compounds are the A-B interactions. 

2. Most of the aluminium atoms replace iron 
atoms at thefl-sitef 11], 

3. The centroids of the quadrupole doublets 
are more negative with respect to the sextets 
and the tetrahedral sites are characterised 


by larger covalency i.e. 45-augmentation, 
thus more negative isomeric shifts and lesser 
magnetic fields. 

4. The calculated and observed ratios of the 
areas under these sextets and doublets are 
in fairly good agreement if we assume that 
ten or more nearest nonmagnetic £-site neigh¬ 
bours around /1-site Fe-atoms make them 
behave like paramagnetic species; the 
other environments contribute very little 
to the paramagnetic doublets as the corres¬ 
ponding relaxation times are large enough 
to give rise to magnetic sextets. The above 
analysis is subject to the following treatment. 
Following Richardson[21] we represent a 
spinel as M m N„ 0 4 and its cation distribu¬ 
tion as 

M xm N l — j*iwl M nt ( j ~jr)N u— i +xm ]0 4 

where M and N represent respectively the 
magnetic and nonmagnetic atoms, the B -site 
cations are enclosed within the brackets. 
In our case, m-(2-5~a) and n = (0-5 + 
a). If F ; ,‘" represents the probability that 
out of Z A „ i.e. maximum B-site neighbours of 
any /1-site cation, K are nonmagnetic, then 
F k AH is given by binomial distribution such 
that 




/ 


^ [n— I +xm~\ k \. 

s J!' 


n — 1 + xm 


/—x 


Similar expressions can be written for F k AA , 
Fk 11 " and F k BA . For nearest neighbour inter¬ 
actions, Z AA = 4, Z A „ = 12, Z nn — 6 and 
Z bA = 6. As stated above, the sum (F A “ + 
F u + F AB ) determines the fraction of /I-site 
magnetic species contributing to the quadru¬ 
pole doublet. For the above analysis the cation 
distribution was taken from Schulkes and 
Blasse[ll] where the distribution is known 
only up to ‘a’ = 1 0. An exact cation distribu¬ 
tion is required for extending the calculation 
to higher aluminium concentrations because 
the ratio of the area of the doublet to sextet 
sensitively depends on cation distribution. 
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For higher ‘a’ values, considerable amount 
of aluminium enters into A -sites also and 
therefore it becomes necessary to take into 
account the fraction of fi-site atoms which 
also contribute to the doublet. 

Observation of nuclear Zeeman splitting 
requires two conditions [ 22 ] to be fulfilled. 
(I) The splitting of the nuclear energy levels 
should be greater than or of the order of 
natural line width i.e. 


1*1/8 «H Z r 



or a> L r„ ^ 1 where w,. = \g\/3 n Hjh represents 
the nuclear Larmor precession frequency 
and r„ is the mean life time of the nuclear 
excited state. (II) The spin correlation time 
should be greater than or comparable to the 
time required for the nucleus to carry out a 
Larmor precession of one radian i.e. &»,, 
r, 1 or (a,, ^ ft where t, is the spin correla¬ 
tion time and ft = 1 /r* is the spin flip frequency 
and determines the rate at which the field at 
the nucleus flips, ft depends on variables 
such as temperature and concentration of 
magnetic species. In view of the largely 
varying environments as in our case and the 
complicated expression for the line shape for 
the case of spin 5/2(Fe' 14 ), we discuss here 
the essential features of the spectrum assum¬ 
ing that the ion can make transitions between 
m, = + 1/2 and —1/2 only. The relaxation 
rate dependence of the line shape and the 
nuclear magnetic field as measured from the 
Mossbauer spectra has been discussed by 
Blume and Tjon[23], Wickman and Trozzolo 
[24], Bradford and Marshal [25] and Vander 
Woude and Dekker[22], For ordered state 
the iron spin spends more time in one state 
as compared to the other. Following Van 
der Woude and Dekker[22] this partial 
order can be described by an order parameter 
such that the probability for m, = + 1/2 is 
(1 + 17 /I — tj) times as large as for m s — — 1 / 2 . 
The order parameter described in this way 
is proportional to the magnetisation. For 
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nuclear transition between m ( = —1/2 to 
m ( * = — 3/2, the line shape is given by 


1(ho = -t^L 
l-TJ 


(W s -S 2 )+ ( -piL^(iy + t) 8)* 


where ft now represents the probability per 
unit time that an electron spin in the ground 
state m, = + 1/2 jumps to m, = — 1/2. For 
57 Fe there are three values of 8 such that 
8. = W 6 - IF,]; S 2 = ±[W 5 - fV 2 ] ; 8 a = *[W 4 - 
IF :i ]. Under varying relaxation rates e.g. 
(1) For slow modulation i.e. ft « 8 , the above 
equation gives two maxima at IF = ±8 i.e. 
peak positions are independent of degree of 
order. (II) Fast modulation i.e. ft > 8 , 
one sharp peak is observed at IF = — 176 . 
Under this condition the field measured from 
Mossbauer spectrum is proportional to 17 
i.e. the magnetisation. (Ill) For ft = 8 . 
We know that 8 , > 8 2 > 8 3 such that ( 8 ,/ 
8 ;! ) = 6 35. A situation can arise such that 
ft ~ S :t but much lesser than 8 ,, the innermost 
lines of the sextet appear at about ±1783 
but the position of the outermost lines is 
not much affected. As a result the ratio 
(WJW. M ) increases and outermost lines 
broaden more than the inner ones. This is 
what we also observe in our spectra. 

From the three cases discussed above, 
we conclude that for all Al-substituted com¬ 
pounds the relaxation rate for the species 
giving rise to the sextet is of the same order 
as 6 i.e. IO s rad./sec. The magnetic field as 
determined from the peak positions of the 
outermost lines of the Mossbauer spectra 
does not follow the magnetisation. In view of 
these considerations, the anomalous mag¬ 
netisation behaviour may not be truly rep¬ 
resented in the Mossbauer studies. It is 
also suggested that the deviation of the mag¬ 
netic moment value from that given by Neel’s 
theory of Ferrimagnetism may be due to 
the presence of paramagnetic state and not 
necessarily due to canted spin alignment. 
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Abstract—Lattice thermal conductivity data at room temperature are compiled for more than 
200 semiconductors. The data for over seventy semiconductors were obtained at our laboratory 
and are previously unpublished. It is found that lattice thermal conductivity may be correlated 
rather reliably with crystal structure. In general, increasing coordination of the ions is associ¬ 
ated with decreasing thermal conductivity. Low thermal conductivity may also be caused by 
cation or anion vacancies. Only compounds which have predominantly tetrahedral bonding 
have thermal conductivities greater than 100 mW/cm-'C. All tetrahedrally-bonded compounds 
tend to have relatively high thermal conductivity, regardless of the complexity of their struc¬ 
ture. At the other extreme, many compounds with higher coordination and partially-filled lattice 
sites have thermal conductivities below 10 mW/cm-°C. A majority of semiconductors have 
intermediate structures, and thermal conductivities within the range of values mentioned. Using 
these correlations, an unknown thermal conductivity can generally be estimated to within a 
factor of 2. 


INTRODUCTION 

Most data on thermal conductivities of semi¬ 
conductors (at or near room temperature) 
have been collected during the past ten years, 
and have been associated with the interest in 
finding more efficient materials for thermo¬ 
electric energy conversion. An extensive 
study of lattice thermal conductivities of 
semiconductors was also made at our lab¬ 
oratory in connection with a program on 
thermoelectric materials. The present paper 
summarizes our work on thermal conductivity 
of semiconductors and has two purposes: to 
discuss the relation between lattice thermal 
conductivity and chemical bonding and to 
collect together available data on thermal 
conductivity of semiconductors (limited col¬ 
lections of semiconductor thermal conduc¬ 
tivities have been previously available [1,2]). 

Lattice thermal conductivity data at room 
temperature are here compiled for more than 
200 semiconductors. The data for seventy 
semiconductors were obtained at our labora¬ 
tory and are previously unpublished. These 
latter measurements include those on about 


twenty compounds not yet reported in the 
literature. We have attempted to make the 
data as inclusive as possible, through mid- 
1968. To limit coverage, however, borides, 
carbides, nitrides and oxides are not included, 
although a few of these are semiconductors. 

The problem of correlating thermal con¬ 
ductivity data with other parameters and 
making estimates of thermal conductivities of 
new materials received a good deal of atten¬ 
tion during the more active periods of research 
on thermoelectric materials. A discussion of 
most of the methods used to estimate lattice 
thermal conductivities, k t . has been given by 
Goldsmid[3]. These methods include; (1) the 
formula of Liebfried and Schlomann, which 
requires an accurate knowledge of the Debye 
temperature; (2) the formula of Dugdale and 
MacDonald, which requires the expansion 
coefficient and velocity of sound; (3) Keyes’ 
relation of k, to the melting point, density and 
atomic weight; (4) Goldsmid’s own observa¬ 
tion that thermal conductivity falls with in¬ 
creasing average atomic weight; and (5) Ioffe 
and Ioffe’s observation that thermal conduc- 
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tivity decreases with increasing ionicity of the 
bonds between the atoms. 

Relations 1-3 are of limited use in pre¬ 
dicting thermal conductivities because they 
require knowledge of data which are even less 
likely to be known than the thermal conduc¬ 
tivity. Generally, by making educated guesses 
at the parameters involved one may arrive 
within an order of magnitude of the correct 
thermal conductivity. An order-of-magnitude 
guess is of little advantage, however, con¬ 
sidering that the entire range of thermal con¬ 
ductivities of dense solids spans a range of 
only three orders of magnitude at room tem¬ 
perature, from about 2.10'■* to 2W/cm-C. 
Keyes’ relation does have an adjustable para¬ 
meter, which varies over an order of magni¬ 
tude depending on ionicity of the bonds; by 
reasonable choice of this parameter, one may 
be fairly confident of estimating thermal con¬ 
ductivity within a factor of about five. 

For predicting thermal conductivities of 
new materials, the qualitative observations 
4 and 5 are probably as useful as the formulas 
of 1-3. By considering the molecular weight 
and making a reasonable judgement of the 
extent of ionicity in a particular compound, it 
is also generally possible to estimate thermal 
conductivities of new materials within a factor 
of five to ten. 

The dependence of thermal conductivity 
on ionicity, first discussed by the Ioffes, has 
been much elaborated by Suchet et at. [4,5]. 
This group has extensively correlated lattice 
thermal conductivity with an ionicity para¬ 
meter, A, which depends on crystallographic 
structure, atomic number, and ionic charge 
and radius. There is indeed a general trend for 
decreasing thermal conductivity with increas¬ 
ing A, but even at a given A there is a variation 
of about a factor of ten in thermal conductivity. 
The correlation with ionicity supposedly takfes 
into account the crystal structure but, in fact, 
a different curve (A, vs. A) results for each 
structure. 

The crystal structure itself actually turns 
out to be most reliably correlated with 


thermal conductivity. It has been recognized 
qualitatively, of course, that thermal con¬ 
ductivity does depend on crystal structure. It 
is generally known, e.g. that NaCl-type com¬ 
pounds have lower thermal conductivities 
than zinc blende-type compounds. However, 
by a more detailed consideration of the type 
of bonding (in particular, the coordination) 
for each type of atom in a crystal and, to a 
lesser extent, the atomic weight, we have 
found that it is possible to predict thermal 
conductivities within a factor of two of the 
correct ones. Our correlations are elaborated 
in the Discussion section. 

EXPERIMENTAL 

Most of our own measurements have been made on 
dense, polycrystalline samples cut from ingots prepared 
by fusion of a mixture of the elements, as follows. High 
purity elements (all at least 99-99% pure, except for V and 
Nb (99-7%) and Ta (99-9%)) were weighed in stoichio¬ 
metric amounts into a 96% silica glass ampule and sealed 
at a pressure of less than IO' 3 Torr. in the case of phos¬ 
phides and arsenides, the inside surface of the ampule 
was first carbon-coated by the pyrolysis of acetone. The 
loaded ampules were heated in a furnace to at least 50°C 
above the melting temperature in about 4 hr. with the 
furnace slowly rocking during the healing and holding 
stages The maximum temperature was held for 2-4 hr. 
then the rocking was stopped and the furnace cooled, 
generally at a rate of about 40°C/hr. Samples were ground 
from these ingots to sizes of about 5 mm x 5 mm cross- 
section and 4-12 mm in length. For compounds which 
could not be melted without decomposition, measure¬ 
ments had to be made on pressed and sintered pellets. 
These were prepared by first reacting stoichiometric 
amounts of the elements at 300°-500°C for several days 
in a sealed glass ampule, after which the material was 
ground up, pressed into pellets, and sintered for several 
more days. A few compounds which form by peritectic 
reaction were similarly prepared by lengthy annealings 
at appropriate low temperatures. Samples that were not 
prepared by simple fusion are indicated in the tables. A 
tew measurements were made on natural mineral samples 
(95+% pure) and are so indicated. 

At least twenty compounds listed in Tables 1-5 appear 
to be new and not previously reported. Evidence for the 
existence of these compounds is based on microscopic 
examination, differential thermal analysis, and, in a few 
cases, on X-ray powder diffraction patterns. Some of 
these new compounds will be reported on in more detail 
in another publication [6J. 

Thermal conductivity measurements were made in a 
steady-state apparatus [7], with an accuracy of 3-5 per 
ceQ k- Where necessary, direct current electrical conduc¬ 
tivities and Seebeck coefficients were also measured, as 
previously described [8]. 
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THERMAL CONDUCTIVITY DATA 

The 200+ semiconductors for which we have lattice 
thermal conductivity data (at approximately 300°K) are 
divided among Tables 1-5 according to stoichiometry and 
whether they are normal or non-normal valence com¬ 
pounds (see Discussion section). For a majority of the 
compounds, only one reference to thermal conductivity 
measurement exists. Where several measurements have 
been made on the same compounds and are in substantial 
agreement with one another, the earliest measurement is 
generally cited, unless a later measurement has been made 
on a sample of significantly better quality. Collected ref¬ 
erences and selected values are available for some of the 
compounds that have been frequently measured, e.g. the 
3-5 compounds [9]. When quite different results are re¬ 
ported by different workers for the same compounds, two 
or more entries are made in the table. Possible reasons 
for some of the discrepancies are discussed below, but 
gross differences are almost certainly due to differences 
in the samples themselves rather than to measurement 
errors. It is, after all, a relatively easy matter to make 
thermal conductivity measurements with 10-20 percent 
accuracy, even though 1-2 percent accuracy may be very 
difficult to achieve. 

Original publications must be consulted for accuracy 
of the measurement method used, but they are generally 
not better than ± 5 per cent and not worse than ± 10 per 
cent. For nearly all types of thermal conductivity meas¬ 
urements, 5 per cent accuracy is quite adequate, since the 
thermal conductivities of different samples of the same 
material generally vary more than this anyway. In com¬ 
pounds where disorder is possible, especially in defect 
compounds, thermal conductivity has been shown to vary 
by as much as a factor of three or more, depending on the 
amount of disorder[ 10, 11). Generally, the variance is 
far less than this, however, and wherever a range of 
conductivities due to disorder has been found, it is indi¬ 
cated in the tables. 

Unless otherwise specified, thermal conductivity meas¬ 
urements were made on a dense polycrystalline ingot, 
obtained from a melt or by sublimation. Sintered pellets 
were generally used for compounds of transition elements 
or rare earths, and such samples are so noted in the 
tables. 

For the great majority of compounds, anisotropy of 
thermal conductivity is either non-existent or quite small. 
For isotropic structures, it has always been found that 
there is no significant difference between measurements 
made on single crystals and on polycrystals (at least at 
room temperature). At the extreme, anisotropy in thermal 
conductivity can be as much as a factor of about ten (for 
layer compounds, where the bonding in one direction is 
of the van der Waals type). In most of those cases where 
large anisotropy is expected (on the basis of the crystal 
structure), measurements have been made on single 
crystals. 

Data on the following ‘compounds’ of doubtful exist¬ 
ence are not included in the table: AgFeTe a [12,13], 
SiTe[14,15], and TlBiTe 0 | 16,17,18] (the first reference 
in each set of brackets is the original report of thermal 
conductivity and the second and third references question 
the existence of the compounds). 

Many of the literature references report lattice thermal 


conductivity specifically. In our own work and for those 
references that report only total thermal conductivity, we 
have estimated an electronic component as usual from the 
Wiedemann-Franz law, and subtracted this from the total 
thermal conductivity to obtain the lattice component. 
Electronic thermal conductivity, k t , is negligible for any 
semiconductor with an electrical conductivity, o, less 
than about Less than 20 per cent of the com¬ 

pounds in the tables have an electronic thermal conduc¬ 
tivity that is significant compared to the lattice thermal 
conductivity. 

There is generally some uncertainty as to what value 
to use for the Lorenz number, L, in the Wiedemann-Franz 
law, k' — LaT, where T = absolute temperature. For¬ 
tunately. in ail cases where electronic conduction is 
significant, the Seebeck coefficient has been given together 
with the electrical conductivity. In principle, one can 
calculate the position of the Fermi level from the Seebeck 
coefficient, and the Lorenz number, in turn, may be cal¬ 
culated from the Fermi level, provided the scattering law 
for the charge carriers is known [19,20]. Since the scatter¬ 
ing law is not generally known (as determined from 
temperature dependence of carrier mobility), such a 
calculation is hardly justified. We have instead simply 
assumed that the Lorenz number is 2 (kle) 1 (completely 
non-degenerate case) if the absolute value of the Seebeck 
coefficient is greater than 150p.V/°C, and the Lorenz 
number is (ir 2 /3) (kief (complete degeneracy) if the ab¬ 
solute value of the Seebeck coefficient is less than 50 
/xV/“C: for intermediate Seebeck coefficients we inter¬ 
polate appropriate Lorenz numbers. Any resultant un¬ 
certainty in the electronic thermal conductivity is probably 
always negligible compared to the measurement error in 
Aiota,. and is definitely negligible compared to the un¬ 
certainty in the absolute value of any k Ulla , (due to sample 
imperfections, etc.). Any more accurate estimate of k c 
is therefore unnecessary. 

We have tried not to include any compounds that are 
definitely metallic (i.e. do not have a finite energy gap), 
although it was not always clear from the literature source 
to which category a material belonged. The Mooser- 
Pearson criteria [21 ] for semiconductors were then 
applied. The reason for not including metallic compounds 
is primarily that their lattice conductivities are not re¬ 
liably known when the large electronic thermal conduc¬ 
tivity can be only poorly estimated. Generally, trends 
similar to those we describe for semiconductors are ex¬ 
pected among metallic compounds. 

The structure data for most of the compounds may be 
found in the collections by Pearson [22], Strukturbericht 
symbols are used wherever they are known. 

To give some feeling for the thermal conductivities 
involved, we recall that 100 mW/cm-°C is approximately 
the thermal conductivity of stainless steels and lOmW/ 
cm-°C is approximately the thermal conductivity of 
ordinary silicate glasses. About half of the semicon¬ 
ductors have thermal conductivities within this range. 
Thermal conductivities above 100 mW/cm-°C are high for 
semiconductors; only about an eighth of the compounds 
in our tables have such high conductivity. At the other 
extreme, thermal conductivities below 10mW/cm-‘ l C are 
certainly very low for crystalline compounds, since such 
low conductivities are more typical of glasses and poly- 
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men (mow polymen have conductivities of 2-6 mW/ 
em-*C). 

DISCUSSION 

It is Ant useful to divide ail semiconductors into two 
general groups: normal valence* semiconductors are de¬ 
fined as those in which all of their elements appear to 
have normal chemical valences; non-normal valence 
semiconductors are those which require anion-anion and/ 
or cation-cat'on bonds. This causes rather fundamental 
differences in crystal structures, and it is for this reason 
that we consider the normal and non-normal valence 
semiconductors separately at first and later compare the 
two groups. 

Normal valences are considered to be those which the 
elements have in, say, their halogen salts. For elements 
in the periodic groups I through IV, this is usually the 
same as the group number, with the exceptions that T! 
may have a valence of either 1 or 3 (generally 1), the 
valences of Si, Ge and Sn may be either 2 or 4, and that of 
Pb is always 2. For elements in groups V through VII, 
the normal valence is 8 minus the group number, with the 
exception that the phosphorus group elements may also 
have a valence of 5. For the transition metals, we con¬ 
sider that either 2 or 3 is a normal valence for Fe or Cr, 
2 is the normal valence for Mn, Co or Ni, 4 is the normal 
valence for Ti, and 5 is the valence of V, Nb and Ta. The 
valences of the rare earths are as given, for example, by 
Moeller[23|, i.e. the valence of 3 is possible for all of the 
rare earths, with 2 also possible for Sm, F.u and Yb, and 
a valence of 4 possible for Ce, Pr and Tb. The only actin¬ 
ide element that occurs in our tables is Th, for which the 
valence is 4. 

Further, these two main classifications (normal and 
non-normal) are also subdivided according to stoichio¬ 
metry, i.e. according to whether there are more cations 
than anions, or vice versa, or equal numbers. This helps 
to group compounds with similar structures together. 

Normal valence semiconductors 

Most normal valence semiconductors have 
in common the fact that the anions form a 
close-packed arrangement - either face- 
centered cubic (FCC) or hexagonal. These 
anion arrays contains two tetrahedrally- and 
one octahedrally-coordinated hole per anion 
site [24], If we start with a FCC anion array 
and fill one of the tetrahedral holes, the zinc 
blende structure results. The fluorite structure 
results from filling both of the tetrahedral 


*The term normal valence is used here in the same 
manner as it was by Mooser and Pearson(21], Various 
names have been applied to those compounds that are 
not of normal valence, such as polycationic, polyanionic 
and anomalous. We refer to them simply as non-normal 
valence compounds. 


holes. The NaCI structure results from filling 
the one octahedral hole. No example is given 
[24] where one tetrahedral and one octahed¬ 
ral hole are filled, but the structure of Ag*Se 
and other l 2 -6 compounds may be related to 
this case, or they may be somewhere between 
this and the fluorite structure; it is fairly 
certain at least that there are some cations 
in both tetrahedral and octahedral sites. Ex¬ 
amples are also known where both sets of 
tetrahedral holes and the octahedral holes 
are filled, such as in Li 3 Bi, but no such com¬ 
pounds are included in our tables. The co¬ 
ordination numbers of the cations and/or 
anions increase as we fill up the holes in the 
order listed, and we shall see that lattice 
thermal conductivities decrease regularly in 
this order. 

Two of the hexagonal analogs are also 
known; wurtzite is the hexagonal analog of 
zinc blende, and NiAs is the hexagonal ana¬ 
log of NaCI. 

Other normal valence structures can be 
derived from the structures mentioned above, 
by having various holes only partially filled. 
For example, Cd 3 As 2 may be derived from the 
fluorite structure by systematic cation ab¬ 
sences in a quarter of the tetrahedral holes, 
accompanied by some distortion from the 
cubic symmetry. There are similarly many 
semiconductors with structures similar to' 
that of zinc blende, but with up to a third 
of the cation sites vacant. Thermal conduc¬ 
tivities of these types of structures are in¬ 
variably considerably lower than those of the 
filled structures from which they may be con¬ 
sidered to be derived. 

We now wish to discuss specific examples 
to show that lattice thermal conductivities 
of normal valence semiconductors are related 
to the coordination of the ions in their struc¬ 
tures. Refer first to Table 1, where there are 
equal numbers of cations and anions. Although 
this group contains eighty-six compounds, 
nearly all of them have structures which are 
either zinc blende type or related, or are 
sodium chloride or similar. 
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Table 1. Lattice thermal conductivity of normal valence semiconductors with 

cation to anion ratio — 1 


No. 

Compound 

1 

AgAsSej 

2 

AgBiSe s 

3 

AgBiT e s 

4 

AgCeSej 

5 

AgCeTej 

6 

AgGaTe 2 

7 

AgGeBiSe, 

8 

AgGeSbSe, 6 

9 

AglnSe, 

to 

AgGdSe 2 

II 

AgGdTe 2 

12 

AglnTe 2 

13 

AgPbBiSe 3 

14 

AgPbSbSe, 

15 

AgSbS 2 

16 

AgSbSe 2 

17 

AgSbTe 2 

18 

AgSnSbSe 3 b 

19 

AgYTe 2 

20 

AlAs 

21 

AIP 

22 

AlSb 

23 

CdS 

24 

CdSe 

25 

CdTe 

26 

CdGeAs 2 

27 

CdGeP 2 

28 

CdSnAs 2 

29 

CuAITe 2 

30 

Cu 3 AsS 4 

31 

CuAsSea 

32 

CujAsSe, 

33 

CuBiS 2 

34 

CuBiSe 2 

35 

CuFeS/ 

36 

CuFeSej 

37 

CuGaTe 2 

38 

CujGeSa 

39 

Cu 2 GeSe 3 

40 

CujHgGeSe, 

41 

Cu 2 HgGeTe 4 

42 

Cu 2 HgSnSe 4 

43 

CulnSej 

44 

CuInTe 2 


Thermal conductivity 


mW/cm-'C Reference 


4-5 

12 

10-3 

25 

7-3 

12 

7-6 

26 

8° 

4 

6'6° 

4 

9-5 

12 

5-2 

27 

5-2 

27 

5“ 

28,27 

5-5» 

4 

4“ 

4 

63 

26, 29 

148 

30,4 

12 

12 

6-5 

27 

5-2 

27 

4-9 

12 

10 5 

25 

7-5 

12 

4-6 

26 

7 

31,32 

5-2 

27 

7" 

4 

800 

34 

900 

34,9 

570 

34,9 

200 

35 

44 

36 

63 

10 

40 

37 

110 

38 

75 

39 

32-5 

28 

23' 

27 

14 

40 

32 

12 

14 

40 

5 

12 

11 

42 

78 

27 

65 

12 

64 

12 

22 

43 

12 

44 

7-7 

45 

24 

44 

6-9 

45 

20 

46 

13 

46 

22 

46 

37 

12 

63 

29 

54 

26 

49 

12 


Structure (reference) 


Monoclinic - AgAsS, ? 
Trigonal; B1 above 287°C 

Trigonal; B1 at elevated temp. 

[33]' 

[33]' 

El, 

B1 

B1 

El, 

[33]' 

[33]' 

El, 


B1 

B1 

Monoclinic; B1 at elevated temp. 
B1 


B! 

B1 

[33]' 

B3 

B3 

B3 

B3 

B3 

B3 

El, 

El, 

El, 

El, 

H2 5 

B3 or hexagonal (41 ] 

Related to B3 

Orthorhombic; similar to F5„ 
Cubic; similar to F5„? 

El, 

El, 

El, 

Tetragonal; distorted B3 

Tetragonal; distorted B3 

Related to B 3 
Related to B3 
Related to B3 
El, 

El, 
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Table 1 (cont.) 




30 

C'UjSbSe, 

51 

CuSbTe* 

52 

CujSiS, 

53 

Cu s SnS., 

54 

(UoSnSe, 

55 

1 eS‘ 

56 

G a As 

57 

CiaP 


26-5 

48 

18 

40 

13 

26 

23 

44 

28 

44 

33 

44 

26 

27 

33 

27 

440 

49, 35. 9 

1100 

50 

770 

34.9 


B3 

Rhombohedral; similar to C33 
Tetragonal; distorted B3 
B3 
B3 

Monoehnic; similar to B8 

B3 

B3 


58 

GaSh 

59 

CicTe 

60 

HgSe 

61 

HgT'e 

62 

InAs 

63 

InP 

64 

InSb 

65 

InTe* 

66 

MnTe 

67 

PbS 

68 

PbSe 

69 

PbTe 

70 

SmS 

71 

SnS 

72 

SnSc 

73 

SnTe 

74 

TIS* 

75 

TISe* 


76 

me* 

77 

TIBiTe, 

78 

TIGeSbSe, 

79 

TI.,NbSe 4 

80 

TIPbBiSa 

81 

TIPbBiSe,* 

82 

TI,TaS 4 

83 

Tl,VSe 4 

84 

ZnS 

85 

ZnSe 

86 

ZnTe 


380 

35 

330 

34,9 

13 

51 

19 

52 

11 

53 

25 

54 

265 

55.9 

680 

56,9 

165 

57. 35, 58, 9 

17 

103 

6 

27 

15* 

59 

25 

60 

17 

61 

23 

61 

25* 

62 

17. Ik- 

63 

18 

27 

19, Ik- 

63 

15 

51 

32 

103 

20. J c 

103 

12. Ik- 

103 

12 

27 

29 

103 

6 

27 

12 

17 

51 

' 27 

3-3* 

27 

8-8 

27 

99 

27 

3-5 J 

27 

31* 

27 

270 

64 

130 

58 

110 

58 


B3 

B1 
B3 

B3 

B3 

B3 

B3 

B37 

B8 
BI 
BI 
Bl 
B I 
B16 
B16 

Bl 

B37 

B37 


Tetragonal; similar to B37 

F 51 

Cubic; similar to B2 


Cubic; similar to B2 

Cubic; similar to B2 

B3 

B3 

B3 
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Table 1 ( cont .) 




Thermal conductivity 


No. 

Compound 

mW/cm-°C 

Reference 

Structure (reference) 

87 

ZnGeAs 2 

114 

37 

El, 

88 

ZnGeP* 

180 

38 

El, 

89 

ZnSiAs 2 

140 

38 

El, 

90 

ZnSnAs* 

115 

39 

El,, ordered 



70 

39 

El,, disordered 


“Presumably for a pressed and sintered pellet. 

“Reported in reference [77], 

“Structure of this compound is not known. However, in the structures of some analogous sulfides, 
AgTS 2 (where T — rare earth or Y) [33], the cations have distorted octahedral environments, and 
some of the compounds have NaCI structure at elevated temperatures. Coordination in these selenides 
is, therefore, almost certainly octahedral also. 

<f lt was thought that the very low value for AginSe s might be due to the peritectic nature of the 
silver 1-3-6* compounds. Without sufficient annealing, one might have a mixture of Ag 2 Se and 
In 2 Se : , instead of the ternary phase. Our preparations, however, were definitely single phase, and the 
same conductivities were measured on samples annealed at 600°C and at 400°C. 

' Mineral, enargite (from Superior, Arizona). 

/ Mineral, chalcopyrite (from Ajo, Arizona). 

"Mineral, bournonite (from Wells, British Columbia). 

“For single crystal, but direction not stated. 

‘Mineral, pyrrhotite (from Devonshire, England). 

‘Pressed and sintered pellet. 

*In +, In ts Te„Tl' , TI +, S i ,etc. 


The lowest overall coordination we can 
have in a semiconductor is four. This is the 
case for the zinc blende structure (B3), its 
hexagonal analog wurtzite (B4), and the 
ternary chalcopyrite (Eh), where both the 
cations and anions occupy tetrahedral holes 
in the sublattices. We therefore expect com¬ 
pounds with these structures to have relatively 
high thermal conductivities. All of the 3-5 
and 2-6 semiconductors, which have either 
the B3 or B4 structure, do indeed have high 
thermal conductivities. The lighter 3-5 com¬ 
pounds have the highest lattice thermal 
conductivities of all semiconducting com¬ 
pounds. 

The 3-5 and 2-6 semiconductors well illus¬ 
trate the two general trends in lattice thermal 
conductivity that have been known for some 
time. Namely: (1) lattice thermal conductivity 
within a given family of compounds decreases 
with increasing (mean) atomic weight (CdSe 
and HgSe are exceptions to this trend); (2) 
lattice thermal conductivity also decreases 
with increasing ionicity of bonding. The 2-6 


compounds, where there are greater differ¬ 
ences in electronegativity between cations and 
anions (more ionic bonds), always have lower 
thermal conductivities than adjacent 3-5 com¬ 
pounds (of similar atomic weights); e.g. ZnSe 
has a lower thermal conductivity than GaAs, 
etc. 

Ternary compounds based on cross¬ 
substitution in 3-5 or 2-6 compounds (i.e. 
2-4-5 2 and I—3—6 2 compounds, respectively) 
also have completely tetrahedral coordination. 
Relatively high thermal conductivities there¬ 
fore are expected, but not as high as the binary 
compounds, due to increased phonon scatter¬ 
ing caused by the mass differences of the two 
cations. Broadly, this is what is found, but the 
experimental data are not so reliable for the 
1 -3-6 2 compounds, especially those contain¬ 
ing silver. 

Similarly, there are several ternary copper 
compounds (1 3 —5—6 4 and l 2 -4-6 3 stoichio¬ 
metries) with either H2 5 or a tetragonally dis¬ 
torted B3 structure. These are still tetra- 
hedrally coordinated compounds, although 
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the tetrahedra are distorted. Thermal con¬ 
ductivities are still rather high, but not quite 
as high as some of the similar undistorted 
compounds. Quite disparate conductivities 
are reported for some of these compounds, 
especially for Cu.GeSe, (#39). It is possible 
that the lower value corresponds to more dis¬ 
order among the cations, but whatever the 
cause, we prefer the higher value since it is 
more consistent with the structure. 

The F5« structure consists of weakly-bound 
wurtzite type layers. Thermal conductivity 
would be expected to be good (greater than 
20 m\V/cm-°C) within these layers, but poor 
(less than lOmW/cm-°C) across them. The 
value for CuBiS, (#33) seems too low for a 
polycrystalline sample, and may be across the 
layers. Values reported for #34, 47 and 49 
seem reasonable for polycrystalline samples. 
Single crystal measurements are reported for 
#47 and 49. but we do not know the direction 
to which the measurements refer. 

There are still other semiconductors where 
the bonding is primarily tetrahedral and ther¬ 
mal conductivities are consequently high, but 
these are non-normal valence compounds, 
which are to be discussed later. 

With the NaCl structure (resulting from 
filling the octahedral hole in a FCC anion 
array), the coordination of both the cations 
and anions is increased to six and thermal 
conductivities are generally considerably 
lower than for the tetrahedral compounds 
discussed above. Most ternary compounds 
with NaCl structure have lattice thermal con¬ 
ductivities below 10 mW/cm-°C. 

Other structures which have coordination 
similar to that in NaCl also have similar 
thermal conductivities. Here we would like 
to make the point that one should not take the 
nearest neighbor coordination number too 
literally. A second or third nearest neighbor 
may be close in some structures and far away 
in others. Generally, it seems best to approxi¬ 
mate a more complicated structure by the 
simpler one to which it is related. SnSe is a 
good illustration. SnS is considered by Parthe 


[65] to be a tetrahedral compound, but the 
structure (B16) has also been described as a 
deformed NaCl type. Each atom in SnSe has 
four nearest neighbors, but there are two more 
atoms only slightly farther away. The thermal 
conductivity of SnSe is clearly considerably 
less than expected for a tetrahedral compound 
of similar atomic weights (compare InAs, 
CdSe, InSe), but is consistent with the thermal 
conductivities for SnTe and the lead chalco- 
genides, which are all NaCl type compounds. 
From the point of view of thermal conduc¬ 
tivity, therefore, SnSe should be considered 
a distorted NaCl type compound. 

Several compounds in Table 1 that do not 
have NaCl structure are still essentially 
octahedrally coordinated. It was already 
mentioned that the B 8 (NiAs) structure is the 
hexagonal analog of B1. Only two compounds 
with this structure are represented, FeS and 
MnTe. Thermal conductivities of these com¬ 
pounds are consistent with those of other 
compounds with octahedral coordination, 
with the relatively high thermal conductivity 
of FeS partly due to the low atomic weights. 

The atoms in CuSbTe 2 (C33) and TlBiTe 2 
(F5,) also have distorted octahedral coordina¬ 
tion, with thermal conductivities in the same 
range as other octahedral compounds. The 
structures of AgCeSe 2 and related compounds 
(#5, 10,11,19) are not known, but those for 
many of the analogous sulfides have been 
reported [33]. The sulfides have either mono¬ 
clinic or tetragonal symmetry, with dis¬ 
torted octahedral coordination. Even though 
structures of the selenides (or tellurides) may 
be different, it is likely that the coordination 
will be essentially the same. The very low 
thermal conductivities are consistent with 
those for other ternary octahedral compounds. 
This is particularly significant, since it was 
originally suggested [4] on the basis of mag¬ 
netic measurements, on AgGdTe 2 , that the 
coordination was tetrahedral. Tetrahedral 
bonding, however, should be associated with 
considerably higher thermal conductivities 
than are observed. 
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Note also that there are three thallium com¬ 
pounds with 8-fold coordination similar to the 
B2 (CsCl) structure. Their thermal conduc¬ 
tivities are all extremely low. 

The rather striking difference between 
tetrahedrally- and octahedrally-coordinated 
compounds is illustrated graphically in Fig. 1. 
To be sure, there is considerable overlap, but 
the difference is well emphasized by the 
median values, which are about 60 and 7-5 
mW/cm-°C for the tetrahedral and octahedral 
compounds, respectively. A greater distinc¬ 
tion between the two classes of compounds is 
apparent if binary and ternary compounds are 
distinguished. The highest thermal conduc¬ 
tivity for a ternary octahedral compound is 
only 13mW/cm-°C, while the corresponding 
number for a tetrahedral compound is 180 
mW/cm-°C. Note that even the quaternary 
tetrahedral copper compounds (#40-42) do 
not have quite such low thermal conductivities 
as ternary octahedral compounds. 

Regarding Table 2 —compounds with more 
cations than anions — detailed structures are 
not known for many of the compounds. 
Cu 3 AsS 3 , Cu 3 BiSe 3 and Cu 3 SbSe 3 have a 
defective B3 or structure, with a quarter 
of the anion sites vacant. As expected, their 
thermal conductivities are lower than those 
of the corresponding filled compounds (com¬ 
pare with Cu 3 AsS 4 and Cu 3 SbSe 4 of Table 1). 

The next simplest structure is the anti¬ 
fluorite (Cl), represented by Mg 2 Si, Mg 2 Ge 
and Mg 2 Sn. (Many more compounds with the 
Cl structure are known, of course, but most 
are metallic.) As indicated earlier, the anti¬ 
fluorite structure is intermediate in coordina¬ 
tion between zinc blende and NaCl, with 
cations in both of the tetrahedral holes, and 
anions 8-coordinated. Thermal conductivities 
of these Mg compounds are accordingly inter¬ 
mediate between those of binary zinc blende 
and NaCl type compounds. Actually, they 
are rather on the high side, but this is probably 
connected with the very light atomic weight 
of Mg. 

The structure of the D5» compounds Cd 3 As 2 , 


Cd 3 P 2 and Zn s As 2 has been described as a 
distorted anti-fluorite, with only three-quarters 
of the cation sites filled. As always, this lower¬ 
ing of the symmetry of the lattice and partial 
filling of sites leads to lower thermal conduc¬ 
tivities. The structure of MgaSb 2 (D5 2 ) is 
similar to the D5 S structure, except that the 
former is based on a hexagonal close-packed 
anion array rather than a cubic close-packed 
anion array. The thermal conductivity of 
Mg 3 Sb 2 is about the same as for the D5„ com¬ 
pounds mentioned. A similar argument can 
probably be applied to ZnMn 2 As 2 . 

The rest of the compounds in Table 2 are 
all compounds of monovalent Ag, Cu or Tl. 
Symmetries for many of the compounds are 
known, but detailed structures are generally 
not known (with perhaps one or two excep¬ 
tions*). (Crystal symmetry itself is not of 
particular significance, except that low sym¬ 
metry is often indicative of complex structure 
and high coordinations.) Most of the binary 
Ag or Cu chalcogenides have a high tempera¬ 
ture form that consists of a close-packed cubic 
anion sublattice, with one set of its tetra¬ 
hedral holes completely filled by half of the 
cations and the other half of the cations ran¬ 
domly distributed among the remaining holes, 
both tetrahedral and octahedral. Room tem¬ 
perature structures are probably similar to 
this, at least in the important respect that 
cations are in both tetrahedral and octahedral 
holes. These structures are probably as close 
as one comes to the case mentioned by 
Pearson[24] where the cations fill one set of 
tetrahedral holes and the octahedral holes in 
a close-packed anion sublattice. This com¬ 
bination of rather high average coordination 
and especially the partially-filled sites is 
associated with very low thermal conduc¬ 
tivities, as one may judge from the compounds 
previously discussed. Lattice thermal conduc¬ 
tivities of these binary compounds are indeed 
low, ranging from 4 to 9 mW/cm-°C. 


*A detailed structure reported for a-Ag,Se[75] is not 
consistent with its semiconducting character. 
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Fig. I. Lattice thermal conductivities of semiconductors, according to coordination. ▼, binary com¬ 
pounds; #. ternary or quaternary compounds. Group 1, B3 (or closely related) normal valence com¬ 
pounds. Group 2, non-normal valence compounds, primarily tetrahedral (GaS, GaSe, GaTe, GeAs, 
InS, InSe. GeAs 2 , CoAs : „ CdAs 2 , ZnAs 2 , AgP 2 , CuP 2 , CdSb, ZnSb). Group 3, Cl, C2, C18 and E0 7 
compounds. Group 4, C6 and Cl compounds. Group 5, B! (or closely related) normal valence com¬ 
pounds. Group 6. C33, D5„, B20 and BiSe (compounds with predominantly octahedral coordination). 
Group 7, D7 a (represented by ■) and defect D7 3 compounds. Group 8, B37 and similar compounds. 
Group 9, D5 S and D5 9 compounds. Group 10, HI, and distorted B8 compounds. Group 11, Defect 
B3 or related compounds. Group 12, All normal valence compounds with cation:anion ratio greater 
than one. except Cl, D5 2 , D5„ and defect B3 types. 



Compound mW/cm-°C Reference Structure (reference) No. Compound mW/cm-°C Reference Structure (reference) 
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Regarding the ternary compounds, even 
less is known of their structures, except for 
Cu s FeS 4 (bornite). Bomite has a high tem¬ 
perature form which is known [76] to be a 
FCC sulfur lattice with the tetrahedral holes 
three-quarters filled at random. This should be 
associated with a moderately low thermal con¬ 
ductivity (about like Cd,As 2 ), but not so low 
as is observed. It may be that in the room 
temperature tetragonal form, the cations also 
occupy some of the octahedral holes, similar 
to the binary compounds above. 

For the many other ternary compounds for 
which we have no information on coordina¬ 
tion, it is nevertheless instructive to make 
some observations based on empirical rules 
for site preferences for various ions, as given, 
e.g. by Busch and Hulliger[77]*. For example, 
in compounds which contain trivalent Sb or 
Bi (#100,101, 114,115, 122, 123,124,125, 
140), it seems quite sure that the Sb (or Bi) 
will be in octahedral holes. This means that 
at least some of the monovalent cations must 
be in tetrahedral holes. Again, therefore, we 
have the situation where both octahedral and 
tetrahedral holes are partially filled. 

A fairly large number of compounds contain 
tetravalent Si, Ge, or Sn, which almost certain¬ 
ly occupy tetrahedral sites (#96,97,98,99, 
102, 103, 104, 118, 119, 120, 126, 127, 139, 
141,142,143). The monovalent cations, there¬ 
fore, could be all in tetrahedral sites also. 
However, it seems more likely that both octa¬ 
hedral and tetrahedral sites are occupied by 
the monovalent cations. The odd stoichio¬ 
metries themselves ensure that all types of 
sites cannot be completely filled. (It has been 
suggested that in Cu 4 SiS 4 [78), the Si are on 
tetrahedral sites and the Cu are on octahedral 
sites.) 

It is certainly more than coincidence that 
all of the ternary compounds mentioned in the 
preceding two paragraphs, where cations par¬ 
tially fill both the tetrahedral and octahedral 


‘One should make the addition that Cu 1 also can be in 
an octahedral site, although this is not so likely as for Ag. 


sites, have extremely low thermal conduc- 
tivities-all in the range of 2-2-5-9 mW/cm-°C. 

Of the compounds in Table 3, with more 
anions than cations, a number of them are 
cation defective versions of other structures. 
First, several compounds have a cation-de¬ 
fective zinc blende or chalcopyrite structure; 
namely, #149, 164, 165 and 166. Lattice 
thermal conductivities of these compounds 
are considerably lower than those similar 
compounds with the regular filled zinc blende 
type structure. It has already been mentioned 
in connection with anion-defective structures 
above that the vacancies are responsible for 
the low thermal conductivities. Note that for 
Ga 2 Te 3 and In 2 Te 3 , conductivities are given 
for the cases where the vacancies are ordered 
or disordered. Ordering of the vacancies 
produces a 2-3 fold increase in thermal con¬ 
ductivity. The low values for the disordered 
forms are of the same magnitude as for the 
many compounds of Table 2, where cations 
were distributed in rather disorderly fashion. 

It should be borne in mind that various kinds 
of disorder are possible with many compounds. 
With ternary compounds, there may be dis¬ 
order between two cations which occupy the 
same type of site, e.g. ZnSnAs 2 . In general, 
it must be recognized that effects of ordering 
are probably largely responsible for gross 
discrepancies among various observers. 

Several compounds have the Th 3 P 4 (D7 3 ), 
or defect D7 3 structure. The thorium pnictides 
are an example that does not fit in well with 
our general correlations. In the Th 3 P 4 struc¬ 
ture, the cation is surrounded by eight anions 
arranged as an octaverticon (strongly dis¬ 
torted cube) and each anion is surrounded 
by a distorted octahedron of cations. There¬ 
fore, thermal conductivities should be less 
than those of NaCl type compounds, where 
the coordination is all octahedral. Th 3 As 4 and 
Th 3 Sb 4 , in particular, have thermal conduc¬ 
tivities that are a factor of 2-3 higher than 
expected on the basis of their coordination 
and quite high atomic weights (by comparison 
with NaCl type compounds). No rationaliza- 



Table 3. Lattice thermal conductivity of normal valence semiconductors with cation to anion ratio less than 1 
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tion can be given for this discrepancy. Only 
Cc,S 4 is also listed with the D7 3 structure. Its 
low thermal conductivity is more in line with 
our correlations. 

Given the unexpectedly high thermal con¬ 
ductivity of some of the D7 3 compounds, we 
should still expect defect D7 3 compounds to 
have lower thermal conductivities. Actually, 
the one direct comparison, between Ce 2 S 3 
and Ce 3 S 4 , apparently contradicts this. How¬ 
ever, the room temperature structure of Ce 2 S 3 
is apparently still unsure. Other rare earth 
sulfides (LajSa, Nd 2 S 3 and Pr 2 S 3 ) also have 
rather high conductivities and the same struc¬ 
ture. The thermal conductivity data suggest to 
us that these compounds have a different 
structure, with lower coordination, but there 
is no proof for this at present. 

Other defect D7 ; , compounds (#147,148, 
150, 151,152,153, 160, 168,172,180, 181) have 
thermal conductivities ranging from 3-3 to 20 
mW/cm-°C. This seems reasonable for a 
defect structure. The lower values presumably 
reflect some disordering of the vacancies on 
the cation sites. 

The well-known Bi 2 Te 3 and other 5-6 com¬ 
pounds have related structures, C33 or D5„ 
(#155. 156, 157, 182, 183, 184) that are 
primarily octahedrally coordinated (the cat¬ 
ions are in octahedral holes in the close-packed 
anion sub-lattice). The fact that the octahed¬ 
ral sites are only fractionally occupied is 
compensated for by the fact that some of the 
anions have only three-coordination instead of 
six-coordination. Thermal conductivities of 
the Bi and Sb chalcogenides are about identi¬ 
cal to those of their neighboring Pb and Sn 
chalcogenides with the octahedral NaCI 
structure. 

A few compounds have the spinel (HI,) or 
distorted B8 structure (#159,160,368,188). 
In the spinel structure, the tetrahedral holes 
are an eighth filled and the octahedral holes are 
half filled (both in an orderly fashion) and a 
distorted B8 structure would, of course, have 
cations only in octahedral holes. In either 
case, it should be apparent by now that such a 


structure (with partially-filled sites and prim¬ 
arily octahedral coordination) should be 
associated with rather low thermal conduc¬ 
tivities. These conductivities are, in fact, 
all about 10 mW/cm-°C. 

In the C6 (Cdl 2 ) structure, represented by 
SnSe 2 and TiS 2 , the cation coordination is the 
same as in NiAs, i.e. octahedral. The anions, 
however, are bonded to only three cations, 
with three anions considerably farther away. 
That is, the structure is made up of NiAs- 
like layers connected via anion-anion layers; 
within the NiAs-Iike layers we expect ther¬ 
mal conductivity similar to NiAs or NaCI 
type compounds; along the anion network we 
expect better thermal conductivity to be as¬ 
sociated with its more open structure. Accord¬ 
ingly, thermal conductivity parallel to the c 
axis in a C6 structure (i.e. across the layers, 
where thermal conductivity is limited by the 
NiAs type layers) is about the same as in a 
pure NiAs (or NaCI) compound. Such is the 
case for in SnSe 2 (15 mW/cm-°C) and k in 
SnSe (18 mW/cm-°C). Perpendicular to the 
c axis, however, where the layers are parallel 
to one another, thermal conductivity is de¬ 
termined more by the higher conductivity 
anion network, and for SnSe 2 , k lC = 67 
mW/cm-°C. The thermal conductivity given 
for TiS 2 is presumably for a randomly orient¬ 
ed polycrystal, but the number is more con¬ 
sistent with a measurement across the layers. 

The C7 structure of MoSe 2 , MoTe 2 and 
WSe 2 is described as made up of layers of 
anion prisms in which the centers of half of 
the prisms are occupied by cations. The co¬ 
ordination is therefore much the same as that 
in the Cdl 2 (C6) structure. In fact, the WTe 2 
structure is a stacking variation of the Cdl 2 
structure. It can only be noted that the thermal 
conductivities of these W and Mo compounds 
are of the same order as those for the C6 com¬ 
pounds SnSe 2 and TiS 2 . It is expected, how¬ 
ever, that these compounds should have 
anisotropic conductivities such as was found 
for SnSes- (Anisotropy in thermal conduc¬ 
tivity would also be expected on the basis of 
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the physical properties of these compounds, 
which make them useful as lubricants.) Ther¬ 
mal conductivities parallel to the layers (lc) 
should be 2-4 times the values listed (which 
are for polycrystalline samples). 

Regarding the rest of the compounds in 
Table 3, for which structures are not com¬ 
pletely known, it can be said that the cations 
in them (divalent Pb, trivalent Bi and Sb, etc.) 
are ones which should be mainly octahedrally 
coordinated. From the stoichiometries, it 
can also be certain that neither the octahedral 
nor the tetrahedral holes can be completely 
filled. Low thermal conductivities are there¬ 
fore consistent for ail of these compounds. 

Non-normal valence semiconductors 

In general, non-normal valence compounds 


do not have a common anion network, and 
anions may be bonded to one another in pairs, 
or as a one-, two-, or three-dimensional array. 
With but one exception in our tables, the num¬ 
ber of anions is greater than or equal to the 
number of cations in these compounds. The 
anions are generally bonded to one another 
tetrahedrally, and when the anion-anion bonds 
form a continuous array, relatively high ther¬ 
mal conductivities result. Even when no 
continuous array is formed, tetrahedral bond¬ 
ing generally predominates and thermal 
conductivities of non-normal valence semi¬ 
conductors tend to be higher than for the 
normal valence compounds. 

In Table 4, the Ga chalcogenides and GeAs 
have similar structures, with tetrahedrally 
bonded layers stuck together only with van 


Table 4. Lattice thermal conductivity of non-normal valence semiconductors 
with cation to anion ratio = l, or greater than 1 


Thermal conductivity 


No. 

Compound 

mW/cm 

°C 

Reference 

Structure (reference) 

194 

BiSe 

10 


27 

Trigonal 

195 

CdSb 

11 


106 

B,. 



21" 


101 


196 

CdTlS 2 

170 

102 

1102] 

197 

CoSi 

80 6 


42 

B20 

198 

GaS 

98, lc 

103 

Hexagonal 



10-5, ||c 

103 


199 

GaSe 

160, lc 

103 

Hexagonal, GaS 



21. Ik- 

103 


200 

GaTe 

87. lc 

103 

Hexagonal, GaS 



14, ||c 

103 


201 

GeAs 

30-90“ 

27 

Monoclinic; similar to GaSe 

202 

HgTIS* 

43, lc 

104 

[102] 



17. ||c 

104 


203 

InS 

71 


103 

Orthorhombic 

204 

InSe 

120, lc 

103 

Hexagonal 



37, ||c 

103 




69 


27 


205 

MnSi 

40* 


105 

B20 

206 

ZnSb 

11 


106 

B„ 



38, 

|c 

107 




34, 

\t> 

107 




32, 

o 

107 


207 

Zn,Sb : , 

6-5 

27 

Monoclinic 


“Average of three single crystals. 

‘For pressed and sintered pellet. 

“Measured in different directions on a large-grained polycrystaJ. 
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der Waals bonding [65] (different stacking se¬ 
quences are possible, but the bonding is all 
the same). There are metal-metal pairs in the 
tetrahedral layers, but this does not seem to 
have any special significance for thermal con¬ 
ductivity, the important fact being only that 
the bonding within the layers is tetrahedral. 
Thermal conductivity within the layers, or 
parallel to the layers, should therefore be 
high —not much less than for a zinc blende 
compound. Conductivity across the layers, 
however, should be determined primarily 
by the weak bonding between the layers, and 
should be quite low. These expectations are 
exactly in accordance with what is observed. 
Thermal conductivity in these compounds is 
quite anisotropic, being quite high parallel 
to the layers and low across the layers. 

InS and InSe are also predominantly tetra¬ 
hedral compounds [65], but not so anisotropic 
as those above. The rather high thermal con¬ 
ductivities are in accord with the tetrahedral 
bonding. Note that InS should have the same 
sort of anisotropy as InSe, but only a single 
value is available, for an unspecified sample. 
The remaining 3-6 compounds have either the 
B37 structure (InTe, T1S, TISe) or a similar 
one (TITe) (these compounds are actually 
normal valence ones, with a mixture of mono- 
and trivalent cations, and were included in 
Table I). In the B37 structure, some of the 
cations are tetrahedrally coordinated, but 
some are 8-coordinated. Average coordina¬ 
tion of the anions is also thus necessarily 
greater than four. Thermal conductivities of 
these B37 compounds should thus be con¬ 
siderably less than those of all the other 3-6 
compounds, and also less anisotropic. These 
observations are again in agreement with the 
measured thermal conductivities. 

The BiSe structure has been said to be 
rather similar to the NaCl structure; however, 
to be a semiconductor, this stoichiometry 
must contain Bi-Bi bonds. Whatever the de¬ 
tails of the structure, the important point is 
that the Bi is almost certainly octahedrally 
coordinated. The thermal conductivity of 


BiSe is indeed close to that of its neighboring 
NaCl type compounds, e.g. PbSe. 

The silicides CoSi and MnSi, with the B20 
structure, are an interesting case. The B20 
(FeSi) structure appears at first to be quite 
complex. On examining a model of the struc¬ 
ture, however, it is seen to be strikingly similar 
to the NaCl structure. (The difference is that 
the rows of alternating cations and anions in 
FeSi form a zigzag line instead of a straight 
one as in NaCl.) Thermal conductivities of 
these silicides are indeed about what we would 
have expected for NaCl type compounds, con¬ 
sidering that the elements in these compounds 
are of rather low atomic weight. Since the B20 
structure is somewhat more complex than the 
NaCl structure, these thermal conductivities 
really should be somewhat lower (say by a 
factor of about 2), but the discrepancy is not 
too serious. 

The B,. structure of CdSb and ZnSb does 
not fit well with our general correlations. This 
orthorhombic structure may be regarded as a 
very strongly deformed zinc blende lattice; 
each atom is surrounded by 3 of the opposite 
kind and one of its own kind. The bonding is 
not really tetrahedral, since one of the Cd (or 
Zn) surrounding an Sb is not bound to it. 
Still, because of the low coordinations, we 
would not have predicted that ZnSb and CdSb 
have such low thermal conductivities as they 
do. ZnTe and CdTe, their closest tetrahedral 
neighbors, have lattice thermal conductivities 
of MO and 63 mW/cm-°C, respectively. We 
would have predicted the thermal conduc¬ 
tivities of CdSb and ZnSb to be somewhat 
more than half of these values. It should be 
noted here that there may yet be some un¬ 
certainty as to the correct lattice conduc¬ 
tivities for CdSb and ZnSb, since the more 
recent references [90, 107] give values that 
are appreciably higher than the generally 
accepted low ones. These higher values that 
have been reported are within a factor of two 
of the expected conductivities. (Note that the 
presence of anion-anion pairs in CdSb and 
ZnSb does not, by itself, lead to low thermal 
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conductivity; compounds with high conduc¬ 
tivity also contain anion-anion pairs (e.g. the 
pyrite type compounds to be discussed next).) 

Arriving finally at Table 5, note first that 
several of the compounds have the pyrite 
(C2) or related marcasite (Cl8) or arseno- 
pyrite (E0 7 ) structures (FeAs 2 , FeS 2 , FeAsS, 
FeSb 2 , MnTe 2 , and PtP 2 ). In these structures, 
the cations are bonded to 6 anions which form 
a slightly distorted octahedron, while the 
anions are bonded to 3 cations and one anion, 
which form a slightly distorted tetrahedron. 
Thermal conductivities should, therefore, 
be intermediate between zinc blende and 
NaCl type compounds, which have pure 
tetrahedral bonding and pure octahedral bond¬ 


ing, respectively. This is the case, although 
the thermal conductivities are generally more 
like those of zinc blende structures than of 
NaCl structures. Only MnTe s seems to be un¬ 
usually low, for which we see no explanation. 

FeS 2 is the only compound for which we 
have thermal conductivities for two different 
polymorphs. As expected, the more distorted 
marcasite structure is associated with a lower 
thermal conductivity than the pyrite structure. 
It is only fair to note, however, that the differ¬ 
ence between pyrite and marcasite may not 
really be quite so great as indicated, because 
the pyrite samples were single crystals and 
probably of better purity than the marcasite. 
Further thermal conductivity measurements 


Table 5. Lattice thermal conductivity of non-normal valence semiconductors 
with cation to anion ratio less than 1 


No. 

Compound 

Thermal conduclivity 

mW/cm-°C Reference 

Structure (reference) 

208 

AgP, 

12" 

27 

1108] 

209 

BaSi, 

16" 

109 

C32 

210 

CdAsj 

28 

27 

Tetragonal 

211 

CoAs :1 

110“ 

42 

DO. 

212 

CrSi 2 

70 

110 

C40 



84" 

111 


213 

CuP 2 

11“ 

27 

[108] 

214 

FeAsj" 

70 

112 

C18 

215 

FeAsS' 

60 

27 

E0 ? 

216a 

FeS 2 " 

280 

27,112 

C2 

216b 

FeS/ 

91 

27 

C18 

217 

FeSb 2 

51“ 

27 

C18 

218 

FeSij 

50“ 

113 

Tetragonal 

219 

GeAs 2 

168,1c 

27 

Orthorhombic 



10-7, ||c 

27 


220 

ln 2 Te s 

12 

27 

Monoclinic 

221 

MnSi 2 

30“ 

105 

Tetragonal 

222 

MnTe 2 

16“ 

27,112 

C2 

223 

PrSe, 

12“ 

97 

T etragonal 

224 

PtP 2 

260“ 

112 

C2 

225 

ReSi 2 

89“ 

111 

C1U 

226 

Si 2 Te 3 

5 

15 


227 

ZnAs 2 

54 

27 

Similar to ZnP 2 


"For pressed and sintered pellet. 

’’Mineral (from South Lorraine, Ontario). 

''Mineral, arsenopyrite (from Cornwall, England). 

"Mineral, pyrite (from Washington Camp, Arizona, for [27]; from Rio Marina, Island of Elba, for 
U12]). 

'Mineral, marcasite (from Jackson, Mississippi). 
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on other polymorphic sets would be a valuable 
adjunct to the present thermal conductivity 

correlations. , 

The relatively high thermal conductivities 
of the disilicides CrSi 2 , FeSi 2 and MnSi 2 ate 
expected from the fact that their structures 
are essentially a continuous tetrahedral Si 
network with metal atoms in some of the sites. 

In Co As*, tetrahedral bonding definitely 
predominates since there are three tetra- 
hedrally-bonded As atoms (2 As and 2 Co 
neighbors) for every octahedrally-bonded Co 
atom. The high thermal conductivity is con¬ 
sistent with this structure. 

The GeAs 2 structure, although complicated, 
is similar to that of GeAs if As atoms are re¬ 
placed by As pairs. Like GeAs, there are 
tetrahedral layers connected by van der Waals 
bonding. Accordingly, parallel to the layers 
(1c) the thermal conductivity is high, while 
across the layers the thermal conductivity is 
poor. Incidentally, the anisotropy of the ther¬ 
mal conductivity of GeAs 2 is the largest 
known, with the thermal conductivity parallel 
to the layers over 15 times that across the 
layers. 

The structure of ZnAs 2 is close to that of 
ZnP 2 , and CdAs 2 is also similar. The ZnP 2 
structure is truly complex. There are two 
different zinc and four different phosphorus 
sites. Half of the Zn atoms form bonds with 

3 P and I Zn; the other half form bonds with 

4 P atoms. One quarter of the P atoms form 
bonds with 3 P and I Zn and three-fourths 
form bonds with 2 P and 2 Zn. The P atoms 
form continuous chains. In spite of the com¬ 
plexity of structure, the bonding is all basi¬ 
cally tetrahedral. The relatively high thermal 
conductivities (especially of ZnAs 2 ) should 
therefore not be surprising. 

The structure of AgP 2 and CuP 2 has some 
similarities to the ZnP 2 structure also. The 
P atoms form infinite puckered layers, where 
some P atoms are bonded to two and some to 
three other P atoms; the Cu or Ag atoms are 
surrounded by very distorted tetrahedra of 
P atoms. The overall coordination is there¬ 


fore rather low, and like the ZnP 2 structure, 
we expected higher thermal conductivities. 
No explanation for the low values observed is 
apparent. 

BaSi 2 has the C32 (A1B 2 ) structure, which 
is quite simple, but highly coordinated. Each 
cation has 12 equidistant anion neighbors, and 
each anion has 6 equidistant cation neighbors. 
The low thermal conductivity of BaSi 2 , in 
spite of the light anion, is consistent with 
high coordination. 

CONCLUSIONS 

It is hoped that it has been demonstrated 
by the preceding discussion that a great deal 
of self-consistent correlation of lattice thermal 
conductivity with coordination is possible, 
allowing only a few discrepancies. To further 
emphasize the effect of coordination on ther¬ 
mal conductivity, we have placed most of the 
compounds in Tables 1-5 in one of the twelve 
groups in Fig. 1. These groups are approxi¬ 
mately arranged according to increasing co¬ 
ordination, going from left to right. The relative 
positions of the first six groups and the last 
one are thought to be quite well fixed. As has 
been repeatedly mentioned, however, low 
thermal conductivity does not correlate only 
with high coordination, but also with partially 
filled sites. Vacancies in normally filled sites 
may be as effective in reducing thermal con¬ 
ductivity as is high coordination. Groups 7-11 
might therefore be arranged in a different 
sequence. Group 7 doesn’t really fit in too 
well any place, and the conductivities in 
groups 8-11 are so similar that interchanging 
them would have little effect on the appear¬ 
ance of the figure. 

The range of values within any group par¬ 
tially reflects the range of atomic weights 
(decreasing conductivity with increasing 
atomic weights). The horizontal lines in most 
of the groups are to indicate median values. 
Groups 1, 5 and 12 contain many more ter¬ 
nary compounds than do the other groups, 
which lower the medians for these groups. 
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A better comparison might be made by con¬ 
sidering only the binary compounds. 

The rather striking difference between 
normal valence tetrahedral and octahedral 
compounds has already been mentioned. 
Note also especially that the high values of 
the non-normal tetrahedral compounds (group 
2) are quite comparable to those of the zinc 
blende compounds (group 1). It is generally 
felt that complex crystal structures are as¬ 
sociated with low thermal conductivities. The 
high thermal conductivities of some of the 
complex structures in group 2, however, 
emphasize the point that the coordination is 
more important than the superficial com¬ 
plexity of structure. 

The compounds of groups 3 and 4, with 1:2 
or 2:1 stoichiometries, have mixed coordina¬ 
tion, with 3- or 4-coordination for one ion and 
6- or 8-coordination for the other. Thermal 
conductivities are correspondingly between 
the cases of pure tetrahedral and pure octa¬ 
hedral coordination. Groups 5 and 6 are quite 
similar, as they should be (at least if one con¬ 
siders the binary compounds only), since 
bonding in all of these compounds is essen¬ 
tially octahedral. Group 7 compounds have a 
mixture of 6- and 8-coordination. They should 
accordingly be below the octahedral com¬ 
pounds in conductivity, but some of their 
conductivities are unexplainably high. Low 
conductivities in groups 8-10 are associated 
with multiple coordinations for the cations 
and/or partially filled sites. The low conduc¬ 
tivities of group 11 are entirely due to the in¬ 
complete filling of normal zinc blende sites. 
Group 12 contains most of the compounds 
with more cations than anions, where co¬ 
ordination is mixed and any one set of cation 
sites is almost never filled. 

Many types of semiconductors have not 
been discussed at all because we have no data 
for them. It is hoped, however, that the reader 
will be able to apply these correlations to the 
estimation of thermal conductivities of other 
materials. We ourselves found the guidelines 
useful when looking for compounds of low 


thermal conductivity. This is, in fact, the 
reason for the unusually large number of 
compounds with very low conductivity. 

It may be predicted, for example, that Li»Bi 
type compounds (all holes in the anion lattice 
filled) will have very low thermal conduc¬ 
tivities (10mW/cm-°C or less); an olivine 
structure should be similar to the spinel in 
thermal conductivity (order of 10 mW/cm-°C); 
CuAsS, CuGe 2 As 3 , and similar compounds 
should have rather high thermal conduc¬ 
tivities (40-100mW/cm-°C), because of their 
tetrahedral bonding[65]; C23 (PbCl 2 ) com¬ 
pounds (e.g. US 2 ) would be similar to C) 
compounds in conductivity, i.e. fairly high 
(order of 50mW/cm-°C); a CdP 4 type com¬ 
pound would also be expected to have rela¬ 
tively high thermal conductivity because of 
its tetrahedral anion network; a perovskite 
semiconductor should have low thermal con¬ 
ductivity (order of 10 mW/cm-T or less), since 
the Ti and O have octahedral coordination and 
the Ca has 12 nearest neighbors; and so on. 

Even if a crystal structure is not known, a 
reasonable estimate of thermal conductivity 
can usually be made just on the basis of 
stoichiometry. For example, a normal valence 
compound with equal numbers of cations and 
anions will generally be either all tetrahedral 
or all octahedral. Which bonding applies can 
usually be judged on the basis of the known 
site preferences[77]. A normal valence com¬ 
pound with more cations than anions will 
either clearly be of the type C1, D5 2 , D5 # , etc., 
or more likely, will belong to the large group 
that is similar to Ag 2 Se. Normal valence com¬ 
pounds with more anions than cations are 
likely to be either defect structures, primarily 
octahedral, or of mixed coordination. The 
nature of non-normal valence compounds is 
much harder to predict; the only generaliza¬ 
tion that can be made is that tetrahedral co¬ 
ordination tends to predominate. In general, 
also, chemically similar compounds tend to 
have similar coordinations, even though the 
crystal symmetry may vary considerably. 

These correlations have been presented 
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only as empirical observations. It would be 
helpful to have some explanation for why 
there should be correlations such as have been 
observed. In view of the very qualitative 
nature of the correlations, an attempt at a 
quantitative explanation is hardly justified. 
Only the following observation seems appro¬ 
priate: In order to propagate a phonon through 
a lattice, atoms must vibrate. Naively, it would 
appear that the more neighbors a particular 
atom is coordinated to, the less free it is to 
vibrate. Hence, the higher the coordination, 
the lower the thermal conductivity. 

Finally, we will close with a remark not 
directly related to our correlations. There 
has been some conjecture [93] as to whether 
a relation of the form k = i(C• V-L) (where 
C is heat capacity per unit volume, V is the 
group velocity of the phonons, and L is the 
phonon mean free path), is still applicable to 
compounds of very low thermal conductivity. 
If one takes L as one lattice spacing, k is of 
the order of a few mW/cm-°C. It is argued 
that an L of only about one lattice spacing 
has little real physical significance, and 
it might be preferable to think of the vibra¬ 
tions as 'hopping' from one atom to another. 
Depending on the time between hops, then, 
thermal conductivity might be as low as we 
please. We should like to point out, however, 
that for all of the many compounds of low 
thermal conductivity that we have measured, 
there does indeed appear to be a lower limit 
to the thermal conductivity of solids (counting, 
of course, only completely dense solids, i.e., 
not porous). For room temperature, this lower 
limit is about 2 mW/cm-°C. This corresponds 
essentially to the case for L equal to one lattice 
spacing (allowing for some uncertainty in V). 

I hus, it would seem that the concept of phon¬ 
ons with various mean free paths should be 
retained for all solids, especially since it pro¬ 
vides a natural lower limit to the thermal con¬ 
ductivity of a solid which is in good agreement 
with the facts. 

Acknowledgement - We are very grateful for the assist¬ 
ance of Mr. D. 1.. Wiegand, who prepared most of the 


samples on which we made measurements. He also 
assisted with many of the measurements. 

REFERENCES 

1. A1GRAIN P. and BALKANSKI J., Tables de 
Constances. Semiconducteurs. Pergamon Press, 
Paris (1962). 

2. RODOT H., Les Materiaux Semi-conducteurs. 
Dunod, Paris (1965). 

3. GOLDSM1D H. J., Thermoelectric Refrigeration, 
p 64. Plenum Press, New York (1964). 

4. SUCHET J. P„ RODOT H„ LEROUX-HUGON 
P. and RODOT M., Adv. Energy Conv. 3, 569 

(1963). 

5. LEROUX-HUGON P., RODOT M. and SUCHET 
J., C. r hebd. Seanc. Acad. Sci., Paris 245, 1250 
(I 960). 

6. SPITZER D. P., Semiconducting properties of 
some new ternary chalcogenides of Ag, Cu and Tl. 
In preparation. 

7. HAACKE G. and SPITZER D. P., J. scient. 
Instrum. 42, 702 (1965). 

8. SPITZER D. P., CASTELLION G. A. and 
HAACKE G.,J. uppl. Phys. 37,3795 (1966). 

9. MAYCOCK P. D„ Solid-St. Electron. 10, 161 
(1967). 

10 ZASLAVSK1I A. 1., SERGEEVA V. M. and 
SMIRNOV 1. A.. Soviet Phys. solid St. 2, 2565 
(1961). 

11. WOOLLEY J. C. and PAMPLIN B. R„ J. elec- 
trot hem. Soc. 108, 874 (1961). 

12. ROSI F. D.. DISMUKES J. P. and HOCKINGS 
E. E, Elect. Engng, N Y. 79,450(I960). 

13. VKALE C. R ,,J. less-common Metals II, 50 (1966). 
14 SMIROUS K., STOURAC L. and BEDNAR J.. 

Czech J. Phys. 7, 120(1957). 

15. BAILEY 1. G„ J. Phys. Chem. Solids 27, 1593 
(1966). 

16. BORISOVA L. A., EFREMOVA M. V. and 
VLASOV V. V„ Dokl. Akad. Nuuk SSSR 149, 

117(1963). 

17. SPITZER D. P. and SYKES J. A., J. appl. Phys. 
37. 1563 (1966). 

18. CH1ANG P1NG-WANG and GLUCK J. V., 
J.appl Phys. 38,4671 (1967). 

19. Reference [3]. p. 46. 

20. HLIKES R. R. and URE R. W„ Jr., Thermoelec¬ 
tricity. Science and Engineering, p. 342. Inter¬ 
science, New York (1961). 

21. MOOSER E. and PEARSON W. B., In Progress 
in Semiconductors (Edited by A. F. Gibson), Vol. 
5, p. 103. Wiley, New York (1960). 

22 PEARSON W. B ..A Handbook of Lattice Spacings 
and Structures of Metals and Alloys. Pergamon 
Press, New York (1958); Handbook of Lattice 
Spucings and Structure of Metals (2nd Edn). Perga¬ 
mon Press, Oxford (1967). 

23. MOELLER T., Inorganic Chemistry, p. 896. Wiley, 
New York (1952). 

24. PEARSON W. B .,Acta crystallogr. 17, 1 (1964). 

25. DUDK1N L. D. and OSTRANITZA A. P ..Dokl. 
Mad. Nauk SSSR 124,94 (1959). 



LATTICE THERMAL CONDUCTIVITY 


39 


26. PETROV A. V. and SHTRUM E. L., Soviet Phys. 
solid St. 4,1061 (1962). 

27. SPITZER D. P., Unpublished. 

28. POWELL R. W.. In Proc. Black Hills Summer 
Coherence on Transport Phenomena, p. 95. 
ASTIA 289 290 (August 1962). 

29. ZALAR S. N. and CADOFF I. B„ Trans. Am. Inst. 
Metall. Engrs. 224,436 (1962). 

30. RODOT H., In International Conference on 
Semiconductor Physics, Prague, p. 1010. Academic 
Press, New York (1960). 

31. HOCKINGS E. F..7. Phys. Chem. Solids 10, 341 
(1959). 

32. NENSBERG E. D. and SHTRUM E. L., Soviet 
Phys. solid St. S, 2463 (1963). 

33. BALLESTRACCI R., C. r. hebd. Seanc. Acad. 
Sci., Paris 262, 1253(1966). 

34. STEIGMEIER E. F. and KUDMAN I., Phys. 
Rev. 141,767(1966). 

35. HOLLAND M. G„ Phys. Rev. 134A, 471 (1964). 

36. IOFFE A. V. and IOFFE A. F., Soviet Phys. 
solid St. 2.719(1960). 

37. LEROUX-HUGON P„ C. r. hebd. Seanc. Acad. 
Sci., Paris 256, 118(1963). 

38. MASUMOTO K., 1SOMURA S. and GOTO W„ 
J. Phys. Chem. Solids 27, 1939 (1966). 

39. GASSON D. B„ HOLMES P. J., JENNINGS 1. 
C., MARATHE B. R. and PARROTT J. E„ J. 
Phys. Chem. Solids 23, 1291 (1962). 

40. CARPENTER R. L„ MURRAY J. S. and ROB¬ 
ERTS T. D., U.S. Bureau of Mines, Rept. Invest. 
No. 6200 (1963). 

41. IMAMOV R. M. and PETROV 1. I., Kristallo- 
grafiya 13,412(1968). 

42. STAMBAUGH E. P., SIMON R . LOGAN M. 
J., KOEHL B. G. and LOUGHER E. M„ Materi¬ 
als and Techniques for Thermoelectric Cooling. 
Batelle Research Institute (1964). 

43. BOBONE R„ KENDALL L. F., and VOUGHT 

R. H., Adv. Energy Conv. 1, 149 (1961). 

44. RIVET J., GOROCHOV O. and FLAHAUT J., 
C. r. hebd. Seanc. Acad. Sci., Paris 260, 178 (1965). 

45. BAI.ANEVSKAYA A. E.. BERGER L. I. and 
PETROV V. M., inorg. Mater. 2, 691 (1966) 

46. HIRAI T„ KURATA K. and TAKEDA Y., 
Solid-St. Electron. 10,975 (1967). 

47. ABDULLAEV G. B., NANI R. KH„ NASIROV 
YA. N. and OSMANOV T. G., Izv. Akad. Nattk 

S. S.R., Ser. Fiz. 28, 1096 (1964). 

48. BERGER L. I and ANNAMAMADOV R„ 
Inorg. Mater. 1,470 (1965). 

49. AMITH A.. KUDMAN 1. and STEIGMEIER E. 
F„ Phys. Rev. 138, A1270 (1965). 

50. WEISS H., Annin. Phys. 4, 121 (1959). 

51. ROSI F. D., HOCKINGS E. F. and LINDEN- 
BALD N. E., RCA Rev. 22, 82 (1961). 

52. GAVRIL1TSA E. I. and RADAUTSAN S. L, 
Phys. Status Solidi 19,609 (1967). 

53. HARMAN T. C„ J. Phys. Chem. Solids 25, 931 
(1964). 

54. CARLSON R. O., Phys. Rev. 111,476(1958). 

55. STEIGMEIER E. F. and KUDMAN I., Phys. Rev. 
132,508(1963). 


56. KUDMAN 1. and STEIGMEIER E. F „Phys. Rev. 
133,1665(1964). 

57. BUSCH G. and STEIGMEIER E. F„ Helv. phys. 
Acta 34,1 (1961). 

58. IOFFE A. V., Soviet Phys. solid St. 5, 2446 (1963). 

59. DEVYATKOVA E. D., GOLUBKOV A. V., 
KUDNOV E. K. and SMIRNOV I. A„ Soviet 

i Phys. solid St. 6,1425 (1964). 

60. FARAG B. S„ SMIRNOV I. A. and YOUSEF Y. 
L., Physica, Eindhoven 31, 1673 (1965). 

61. IOFFE A. F„ Can. J. Phys. 34,1342 (1956). 

62. DEVYATKOVA E. D.. ZHUZE V. P„ GOLUB¬ 
KOV A. V., SERGEEVA V. M. and SMIRNOV I. 
A., Soviet Phys. solid St. 6 , 343 (1964). 

63. WASSCHER J. D„ ALBERS W. and HAAS C., 
Solid-St. Electron. 6,261 (1963). 

64. Quoted in reference (58], Original source unknown. 

65. PARTH6 E., Crystal Chemistry of Tetrahedral 
Structures. Gordon & Breach, New York (1964). 

66. COPE R. G. and GOLDSM1D H. J., Br. J. appl. 
Phys. 16, 1501 (1965). 

67. CONN J. B. and TAYLOR R. C ,,J. electrochem. 
Soc. 107,977(1960). 

68. TAYLOR P. F. and WOOD C., J. appl. Phys. 32, 
1 (1961). 

69. Thermoelectric Materials for Power Conversion 
(Edited by F. D. Rosi and E. F. Hookings). U.S. 
Bureau of Ships, Contract No. NOBS-77057 (1961). 

70. HAHN H.. SCHULZE H. and SECHSER L„ 
Naturwissenschaften 15,451 (1965). 

71. GIRAUD1ER L.,7. Phys. 26, I29AU965). 

72. ARMITAGE D. and GOLDSM1D H. J., Thermo- 
magnetic effects in Cd a As 2 . Presented at the Fifth 
Annual Solid State Conference, Bath University of 
Technology (January 1968). 

73. LABOTZ R. J. and MASON D. R „J. electrochem. 
Soc. 110, 121 (1963). 

74. NIKITIN E. N„ BAZANOV V. G. and TARA¬ 
SOV V. I, Soviet Phys. solid St. 3,2648 (1962). 

75. P1NSKER Z. G., CHOU CH1NG-L1ANG, 
IMAMOV R. M. and LAPIDUS E. L„ Soviet 
Phys. Crystallogr, 10. 225 (1965). 

76. MORIMOTO N., Acta crystallogr. 17, 351 (1964). 

77. BUSCH G. and HULLIGER F., Helv. phys. Ada 
33.657(1960). 

78. THOMAS D. and TRIDOT G., C. r. hebd. Seanc. 
Acad. Sci., Paris 264, 1385 (1967). 

79. SUCHETJ. P., DRUILLE R. and LORIERS, J. 
Inorg. Muter. 2,679 (1966). 

80. O'KANE D. F. and MASON D. R„ J. electro¬ 
chem. Soc. 111,546 (1964). 

81. HARMAN T. C., PARIS B., MILLER S. E. and 
GOERING H. L„ J. Phys. Chem. Solids 2, 181 

(1957). 

82. UPHOFF H. L. and HEALY J. H., J. appl. Phys. 
32,950(1961). 

83. GLATZ A. C. and MEIKLEHAM V. F„ J. 
electrochem. Soc. 110, 1231 (1963). 

84. G1LDART L.. KLINE J. M. and MATTOX D. M., 
J. Phys. Chem. Solids 18,286 (1961). 

85. BIRKHOLZ U.,Z. Naturf. 13A, 780 (1958). 

86. GOLDSM1DH.J., Proc. phys. Soc 72,17 0 958). 

87. GOLDSM1D H. J., Proc. phys. Soc. 69,203 (1956). 



40 


D. P. SPITZER 


*8. MARCHENKO V. I. and BARANTSEVA I. G., 
Inzh.-fiz. Zh„ Akad- Nauk Belorussk. SSR 7, 120 
(1964). 

89. K1NGERY W. D., FRANCL J., COBLE R. L. 
and VAS1LOS T., J. Am. Ceram, Soc. 37, 107 
(1954). 

90. RYAN F. M„ GREENBERG I. N„ CARTER F. 
L. and MILLER R. C..J. appl. Phys. 33.864(1962). 

91. MULARZ W. D. and WOLN1K S. J.. In Proc. 
3rd Cortf. Rare Earth Res., Clearwater, Florida 
1963,p.473. (1964). 

92. IVANOVA V. A., ABDINOVD.SH. and ALIEV 
G. M., Phys. Status Sulidi 24, K23 (1967). 

93. IOFFF. A. F., Soviet Phys. solid St. 1,141 (1959). 

94. ELAGINA E. I., In Proc. 4th All-Union Cortf. 
Semiconductor Materials (Edited by N. Kh. Abriko¬ 
sov), p. 123. Consultants Bureau, New York (1961). 

95. PETROV I. I., IMAMOV R M. and PINSKER Z. 
G., Soviet Phys. Crystallogr. 13, 339 (1968). 

96. ELAGINAE. (..Reference[94],p. 119. 

97. LISK.ER 1. S.. MALKOVICH B. E. Sh., YAREM- 
BASH E. I. and KALIT1N V. I., Inorg. Mater. 3, 
700(1967). 

98. BUSCH C., FROHl.ICH C. and HULL1GER F„ 
Help. phys. Acta 34,359 (1961). 

99. PRICE C. E. and WARREN I. H.J. electrochem. 
Soc. 112,510(1965). 

100. Status Report on Thermoelectricity (Edited by J. W. 
Davisson and J. Pasternak). Naval Research Lab¬ 
oratory Memorandum Report 1127 (1960). 


101. PILAT I. M., ANATYCHUK L. I. and LYUB- 
CHENKO A. V., Soviet Phys. solid St. 4, 1210 
(1962). 

102. GUSEINOV G. D., ISMAILOV M. Z. and GUS¬ 
EINOV G. G., Mater. Res. Bull. 2, 765 (1967). 

103. GUSEINOV G. D„ RASULOV A. I., KERI¬ 
MOVA E. M. and IZMAILOV M. Z„ Phys. Status 

Solidi 19, K7 (1967). 

104. GUSEINOV G. D., ISMAILOV M. ZandTALY- 
LOV A. G., Phys. Status Solidi 18,929 (1966). 

105. NIKITIN E. N..ZA. tekh. Fiz. 28, 23 (1958). 

106. TURNER W. J., FISCHLER A. S. and REESE W. 
E , Phys. Rev. 121, 759(1961). 

107. SHAVER P. J. and BLAIR J„ Phys. Rev. 141, 649 
(1966). 

108. OLOFSSON O Acta chem. scand. 19,229(1965). 

109. NESHPOR V. S. and YUPKO V. L., Zh prikl 
K him .36. 1139(1963). 

110. NIKITIN E. N., Soviet Phys. solid St. 2, 2389 
(1961). 

111. NESHPOR V. S. and SAMSONOV G. V., In¬ 
org. Mater. 1,599 (1965). 

112. JOHNSTON W. D , MILLER R.C. and DAMON 
D. H.,Z. less-common Metals 8, 272 (1965). 

113. WARE R. M. and MCNEILL D. J„ Proc. Inst, 
elect. Engrs. 111,178 (1964). 

114. BRIXNER L. H., J. inorg. nucl. Chem. 24 257 
(1962). 

115. STASOVA M. M. and VAINSTHE1N B. K., 
Soviet Phys. Crystaliogr. 3, 140 (1958). 



J. Phys. Chem. Solids , Pergamon Press 1970, Vol. 31, pp. 41-48. Printed in Great Britain. 


ON THE FORMATION OF ION-BOMBARDME 
INDUCED DISORDER IN ZIRCON, CORUND 
AND DIAMOND 

(STUDIES ON BOMBARDMENT-INDUCED 
DISORDER — II)* 

CESTMIR JECHt and ROGER KELLY 

Institute for Materials Research. McMaster University, Hamilton, Ontario, f'andfopf., 

(Received 20 June 1969) 

Abstract —The release of Kr-85 from zircon, corundum, and diamond, following its injection at 10 
keV, can be effected both by dissolution of surface layers disordered by the ion bombardment or 
alternatively by thermal annealing of the disorder. Such release was used to investigate the progress 
of disordering as a function of ion-bombardment dose. Both techniques were found to give comparable 
results and with zircon a close agreement with disordering by alpha recoils, as studied by Holland and 
Gottfried, was also found. The results are interpreted in terms of a threshold dose and a subsequent, 
rapid transformation of the crystalline solid into a disordered (amorphous) state. The mean numbers of 
atoms transferred to the disordered phase per ion impact were determined and found to be 300 for 
zircon, 150 for corundum, and 110 for diamond. A tentative explanation for this sequence is suggested 
based on the ease with which the disorder anneals. 



1. INTRODUCTION 

There are a number of experimental tech¬ 
niques which can be used to study the 
disordering of crystalline solids resulting from 
low-energy ion bombardment. The most 
direct information is probably that gained 
using electron diffraction [1], electron micro¬ 
scopy [2], or the newly developed technique 
based on channeling effects in the scattering 
of light ions [3]. The considerable changes in 
the various properties of solids connected 
with their disordering make it possible, 
however, for a number of other methods, 
somewhat less direct in nature, to be used in 
ion-bombardment disordering studies as well. 
The basic criterion of their usefulness is that 
they permit measurement of the properties 
of the extremely thin surface layers to which 
the effects of low-energy ion bombardment 

* For Part 1, see reference [4]. 

t Permanent address: Institute of Physical Chemistry, 
Czechoslovak Academy of Sciences, Praha, Czecho¬ 
slovakia. 


are generally confined. Valuable information 
on disorder in the surface layer can be gained 
e.g. by following the behaviour of trace 
amounts of radioactive inert gas injected 
into the surface layer by ion bombardment. 
It was noted earlier[1.4] that a dose-depen¬ 
dent fraction of inert gas, which had been 
injected into corundum and a number of other 
substances by ion bombardment, is released 
simultaneously with the thermal annealing of 
the bombardment-induced disorder. It was 
demonstrated also in radioactive tracer 
experiments that bombardment-disordered 
corundum exhibits enhanced solubility in 
concentrated potassium hydroxide solution 
[5], These effects are fairly well understood 
to be due to conversion of the originally 
single-crystalline material to an apparently 
amorphous state which in some, though not 
all, cases seems to be the ultimate stage of 
ion-bombardment damage. 

In the present experiments the influence 
of ion dose on the fractional release of 
injected Kr-85 occurring either during 
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disorder annealing or else resulting from the 
attack of a disorder-selective solvent was 
investigated in detail with zircon (ZrSiOd, 
corundum (a-Al 2 0 3 ), and diamond (C). 
The aims of this study were twofold: (a) to 
learn more about the doses necessary to cause 
breakdown of the crystalline structure as the 
ion-bombardment damage accumulates, 
(b) to find out whether annealing-release and 
dissolution-release are equivalent as disorder 
probes'(6). 

2. EXPERIMENTAL 

The experiments were done with single 
crystals of natural gem-quality zircon from 
Thailand (donated by Dr. H. R. Steacy of the 
Geological Survey of Canada), with natural 
gem-quality diamond, and with artificial 
corundum (purchased from Linde). The 
samples, which had the form of about I mm 
thick plates of various sizes, were optically 
polished. In addition, before each experi¬ 
ment they were either treated with a disorder- 
selective solvent or were annealed. 

Radioactive Kr-85 ions were injected into 
the samples at lOkeV and various doses, 
i.e. integrated ion currents, using a simple 
accelerator without mass separation. Doses 
in excess of 2 X |() M ions/cm' 2 were realised 
by bombarding first to this dose with Kr-85 
followed by additional bombardment with 
inactive Kr to the required dose. The frac¬ 
tional release of injected Kr-85 occurring 
during the anneal of the disorder or resulting 
from the attack of a disorder-selective solvent 
was determined by measuring the /3-activity 
of the samples before and after the annealing 
or solvent exposure. 

Annealings were carried out using He as 
carrier gas and with a linear temperature rise 
of 25°C/min. This was accompanied by the 
release of inert gas into the He stream, thence 
by activity measurements which in differential 
representation had the form of well-defined 
peaks with maxima at 730°C for corundum and 
760°C for zircon (Fig. I). Gas release from ion- 
bombardment disordered diamond seems to be 



big. I. Typical heating curves showing release rate of 
Kr-85 from zircon and corundum in the temperature 
range where the annealing of the bombardment-induced 
disorder occurs. The bombardment energy was 10 keV. 

complicated by other factors and fractional- 
release data based on annealing will not be 
considered here. The maximum temperatures 
of annealing of zircon and corundum were 
chosen as 70°C above the midpoint of the dis¬ 
ordered-crystalline gas-release peaks (See 
Note added in proof). 

A parallel series of measurements of frac¬ 
tional release was carried out on samples 
subjected to the action of disorder-selective 
solvents. As the respective solvents the 
following were used: For zircon, 12 N 
KOH at 95°C for 10 min: for corundum, 12 
N KOH at room temperature for 2 min; and 
for diamond, concentrated sulphuric acid 
saturated with potassium bichromate at 
185°C for 10 min, the latter choice being 
based on the work of Vavilov et al.[ 7], 
These dissolution treatment conditions 
were adopted after kinetic studies in which it 
was shown possible to resolve the rapid 
release of Kr-85 due to dissolution of the 
disordered phase from a negligible or much 
slower release due to attack on the underlying 
less damaged lattice (Fig. 2.) There was no 
noticeable loss of residual activity from corun¬ 
dum and zircon when they were exposed to 
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Fig, 2. Typical dissolution curves showing rapid initial 
drop of the remaining Kr fraction (I — F) due to dissolution 
of the disordered surface layer. The bombardment energy 
was 10 keV. 


the respective solvents after annealing; 
conversely, the usual solubility was observed 
for specimens heated to just below the dis¬ 
ordered-crystalline gas-release peaks. 

3. RESULTS 

The results of fractional-release measure¬ 
ments obtained by comparing Kr-85 activities 
in the samples before and after the respective 
annealing or dissolution treatments are 
represented in Figs. 3 and 4. We note that 
the data points fall on sigmoidal curves which 
suggest the presence of a threshold dose, 
D,„ upon attainment of which a relatively 
rapid increase of fractional release, F, is 
observed to values ranging from 0-8 to 0-9. 
In effect, there is apparently a change in 
structure of the solids resulting from bombard¬ 
ment effects at doses beyond D 0 . 

Another significant feature of the results 
is that the annealing and dissolution experi¬ 
ments carried out with zircon and corundum 
yielded similar results, for this indicates that 
annealing-release and dissolution-release are 
equivalent as ‘disorder probes’. 

There were no visually perceptible changes 
in color or appearance of bombarded zircon 
and corundum. Diamond developed, however, 
a grayish reflecting layer at the bombarded 
surface, the intensity of which increased 
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DOSE (lons/cm 2 )—*- 

Fig. 3. Fraction F of Kr-85 released from zircon by the 
action of annealing or a disorder-selective solvent as a 
function of ion-bombardment dose. Upper scale permits 
comparison of the present results with the fractional dis¬ 
ordering (F rt ) measurements of Holland and Gottfried) 14] 
in terms of deposited energy. The bombardment energy 
was 10 keV. 

over the dose range investigated. This layer 
was completely removed by the sulphuric- 
acid-bichromate-solution treatment and 
was also removed by annealing the samples 
to 650°C in helium. Similar changes in color 
have been noted also by other authors in 
reactor-irradiated [8] and ion-bombarded 
diamond[7], In addition, the temperature 
— 650°C for the annealing of the disordered 
layer agrees reasonably with the value > 
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Fig. 4. Fraction F of Kr-85 released from corundum and 
diamond by the action of annealing (corundum only) 
or a disorder-selective solvent as a function of ion- 
bombardment dose. The bombardment energy was 10 
keV. 


400°C, < 700°C proposed for the conversion 
of assumed amorphous diamond to graphite 
[7J, and the value 650 o -750°C found for the 
final elimination of a bombardment-induced 
increase in the refractive index [9], 

4. DISCUSSION 

In attempting to discuss the present results 
two major problems present themselves. 
First, it is necessary to adopt a model for the 
damage distribution resulting from ion bom¬ 
bardment, considering n so doing the distribu¬ 
tions both parallel and normal to the surface. 
Second, one must try to establish a relation 
between the fractional release of Kr, which is 
the main experimentally observable para¬ 
meter, and the state of disorder of the surface 
layer which it reflects. 

4.1 The geometry of the disordered layer 
It is generally assumed that the damaging 
of a solid due to ion bombardment originates 
from atoms being displaced from their normal 
lattice positions by collision cascades. This 
damage is, however, not homogeneous 
(e.g. [10] and the problem therefore arises of 
describing its distribution. Concerning the 
distribution parallel to the surface, we note 
that most of the displacements due to the 
impact of an individual ion are contained 


within regions having dimensions similar to 
the median range of the ion in the solid, thence 
within regions which are 45-75 A in dia. 
for an amorphous solid [11], It follows that 
for doses greater than about 10 ,: ' ions/cm 2 , 
i.e. for doses as used in the present work, 
the surface is covered with so many overlapp¬ 
ing median-range volumes that the damage is 
effectively homogeneous in the plane of the 
surface. As far as the distribution of damage 
normal to the surface is concerned, the work 
of Sigmund and Sanders [12] is relevant. 
They showed that the depth distribution of 
the deposited energy had the form of a trun¬ 
cated Gaussian-type curve similar to the 
depth distribution of the ions and accordingly 
that most of the damage was concentrated 
within a surface layer having a thickness 
somewhat greater than the median range. 

We will accordingly assume in what follows 
a simplified damage distribution by supposing 
it to be uniform up to a depth equal to aR, n 
where a is a numerical factor somewhat 
greater than unity and R m is the median range, 
and with zero concentration deeper in. A 
similar damage distribution was used also in 
work by Hines [9] on diamond, by Nelson 
and Mazey[13] on Si, by Mayer et al. [3] 
on Ge and Si, and by the present authors 
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(4) when setting up a diffusion model for dis¬ 
order annealing. 

4.2 Zircon 

In view of the somewhat indirect nature of 
our evidence for disordering we have found 
it useful to compare the present results on 
zircon with those of a closely related study 
by Holland and Gottfried[14], These authors 
were able to obtain more direct information 
on the disordering of zircon which had re¬ 
ceived various doses of irradiation from 
alpha-emitting impurities by measurements 
of density, optical properties, and X-ray 
diffraction. With increasing dose an increasing 
fraction of zircon was found transformed 
into a disordered phase. This was attributed 
mainly to the action of the recoil atoms 
accompanying the alpha decay (average 
energy 93 keV) rather than to the alphas 
themselves. The mechanism of disordering 
should thus be much the same as during a 10- 
keV Kr bombardment, the main difference 
being that the recoils were distributed homo¬ 
geneously throughout the zircon specimens 
and that their energy was 9-3 times higher. In 
further work by Bursill et al. [15] disordered 
zircon which showed a glassy structure on 
X-ray evidence was found by electron 
microscopy and diffraction to be composed 
of misoriented crystallites about 100 A 
in 9ize. This suggests that the interpretation 
of the word ‘disordered’ as meaning ‘amor¬ 
phous’ is open to some question but does 
not change the basic result of Holland and 
Gottfried that bombardment of zircon leads 
to a breakdown of the original single-crystal 
lattice. 

Holland and Gottfried’s values for the 
fractional disordering, F rf , are plotted in 
Fig. 3 (broken line) as a function of the 
density of deposited energy in keV//ug 
(upper scale). Our data on fractional release, 
F, are represented so that both scales are 
applicable, the units keV/p.g being established 
by assuming, as outlined in Section 4.1, 
that the damage accumulates uniformly up 


to a depth of 55 A or 2-5 p,g/cm*. Here 55 A 
is the median range of 10-keV Kr in zircon as 
inferred by interpolating the values for A1 2 0 3 
and W0 3 [11] and assuming a density of 
4‘56 g/cm 3 . 

The outstanding feature in the zircon data 
of Fig. 3 is probably the close numerical 
similarity between F d of Holland and 
Gottfried and F of the present work. We 
would propose, in fact, that this result suggests 
that F d for the present ion-bombardment 
experiments, which was not directly observed, 
is also similar to F, at least in the surface layer 
of thickness aR,„. 

A further point of interest is the presence 
of a threshold dose in both types of data, for 
this suggests that the disordering of zircon 
proceeds in two more or less separated stages. 
At doses below the threshold, Z> 0 , the accumu¬ 
lation of damage in the form of displaced 
atoms and vacancies proceeds without a 
major breakdown of the original lattice 
structure and thus there is only a slight 
response in the release behaviour: 

F - F d = 0 D < D„ 

When the threshold dose is reached, however, 
the solid is apparently saturated with displace¬ 
ments and a relatively rapid conversion to a 
disordered state sets in. This latter stage of 
disordering, provided one can assume that 
it proceeds homogeneously in a surface 
layer of thickness aR,„ can be described in 
a way similar to that used by Primak and 
Kampwirth[16], The rate of disorder accumu¬ 
lation would thus be given by 

dFJdD = (N,WaR m )(\-F a ) 

whence 

F d = 1 — exp [- (N'WaRJiD - £>„)] 

D > D 0 (1) 

Here D is the bombardment dose in ions/cm 2 , 
N t the number of atoms transferred to the 
disordered state per ion impact, and H the 
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mean atomic volume in cm*. We now make the 
assumption that the fractional d.sodenng, 
f js equal to the fractional gas release, 
F, so that equation (I) also applies 10 • 

This is not the only possible relation that one 
might assume between F,, and F (cf. [ 17, - I ■ 
though, as pointed out above, it can be justified 
by the similarity of the present data with 
those of Holland and Gottfried. 

When one compares the actual dependence 
of F vs. dose with that described by equation 
(I) one finds that the experimental data 
approach the value F = I at too slow a rate 
We do not consider this significant, tor it 
can be explained on the grounds that the 
actual damage and inert-gas distributions 
extend in the form of penetrating tails beyond 
a/?„,111, 121. That portion of the inert gas 
contained in these tails would necessarily 
not be released until the energy deposited 
beyond aR,„ had reached the value necessary 
for disordering, thence not until relatively 


high doses. 

Equation (I) is thus probably applicable to 
that part of the experimental curve just 
beyond /)„, and this enables N,la, which should 
be similar to the number of atoms trans¬ 
ferred to the disordered state per ion impact 
to be calculated. A va'ue of about 300 atoms/ 
ion results {Table I). It is of interest that this 
is a similar value to the estimated number of 
atoms displaced by a 10-keV ion, namely 


EllE„ - I (P/50 = 200 


where E d is the displacement energy, here 
assumed somewhat arbitrarily to be 25 eV. 
Nila is, however, much lower than the number 
of atoms in the median range volume, 8x 10 3 

assuming/? n , is 55 A. 

Finally, it is worth pointing out that the 
present data show zircon to have a similar, 
high sensitivity to ion impact as mica[5] 
and quartz[18] and that these materials 
are also known to be highly sensitive to 
damage formation by electron excitation along 
the tracks of heavy ionizing particles [19], 
The common factor is a silicate structure, 
which thus appears to be particularly suscepti¬ 
ble to the production and retention of radia¬ 
tion damage. 

4.3 Corundum and diamond 

Although there has been much work done 
on radiation damage in corundum and 
diamond, most of it is not directly comparable 
with ours. The main exception is perhaps the 
work of Hines[9], which showed significant 
changes in the optical properties of diamond 
bombarded with 20-keV carbon to occur at 
similar doses to those encountered in the pres¬ 
ent work, namely at doses of 6x 10 14 ions/cm 2 
and greater. The remaining work is of interest 
mainly in giving evidence that the accumula¬ 
tion of radiation damage in corundum and 
diamond leads to the formation of a disordered 
state. This was shown (a) in an electron- 
diffraction study of Xe-bombarded corundum 
by Matzke and Whitton[l]. (b) in an X-ray 


Tabic 1 

. Parameters relating to bombardment-induced 
disordering 

Malena! 

R„.the 

Number of atoms 

NJa 



median range 

in median range 

(atoms/ion)t (ions/cm 2 )t 


for 10-keV Kr 

volume 








Zircon 

2-5* 

8000 

300 

3 x 10“ 

Corundum 

2-4t 

13000 

150 

1 X 10 14 

Diamond 

2-3* 

27000 

110 

3 x 10 M 


'Inferred from a graph of R,„ for Al,0 :l and WO s [ll] vs. mean atomic 
weight. 

tt-rom (11J. 
tFrom Figs. 3 and 4. 
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diffraction study of fission-fragment bombard¬ 
ed corundupi by Berman [20], and (c) in an 
X-ray diffraction study of reactor-irradiated 
diamond by Levy and K.ammerer[8], In 
addition, electron microscope studies on 
corundum indicate the presence of small, 
disordered regions both (d) after Ar bombard¬ 
ment [21] and (e) after high doses of fast 
neutrons [22]. The optical measurements of 
Vavilov et al. [7] on (f) Li-bombarded diamond 
should also be mentioned, as they were inter¬ 
preted in terms of disordering. 

This experimental evidence indicating 
disordering as the ultimate stage of the 
damaging of corundum and diamond, together 
with the similarity in the shapes of the 
fractional-release-versus-dose curves with 
that of zircon, has led us to adopt the same 
procedure for the analysis of the data as with 
zircon. The respective values of the threshold 
doses D„ and of N,la are contained in Table 1. 

The main point of interest is probably that 
D„ for corundum and diamond is greater 
than for zircon, while N,/a is lower. We can 
only speculate at present on the origin 
of this difference, though one possibility 
is that it arises due to disorder annealing 
[4] being easier with corundum and diamond. 
Perhaps the lesser complexity of the corun¬ 
dum and diamond lattices could be significant 
here, a point which has also been discussed 
by Mader et al. [23] in connection with the 
occurrence of amorphousness in Cu-Ag 
alloys prepared by vapor quenching. Or else 
the important factor could be the somewhat 
decreased reordering temperatures. For 
example, the present work suggests that the 
re-ordering temperatures for C, Al 2 Oa, and 
ZrSi0 4 are respectively ~ 650, 730, and 
760°C and this is also the sequence in which 
D 0 and N,/a vary. 

5. SUMMARY 

(a) The release of K.r-85 from zircon, 
corundum, and diamond, following its injec¬ 
tion at lOkeV at doses sufficient to cause 
disordering of the surface layers, can be effect¬ 


ed both by dissolution of the disordered layers 
or, alternatively, by thermal annealing of the 
disorder. 

(b) Thermal release and dissolution 
release lead to closely similar results at all 
bombardment doses and are thus shown to 
be equivalent as 'disorder probes’. 

(c) The dependence of gas release on dose 
is sigmoidal and thus suggests the existence 
of a threshold dose followed by a rapid 
transition of the crystalline solid to a disorder¬ 
ed state. The threshold doses were ~ 3 x 
10 13 ions/cm 2 for zircon, ~ 1 x 10 M for corun¬ 
dum, and ~ 3 x 10 H for diamond, while the 
rates of transition were, respectively, 300, 
150, and 110 atoms/ion. 

(d) The order of increasing sensitivity to 
bombardment-induced disorder, namely 
diamond-corundum-zircon, is also the order 
of increasing structural complexity and 
of increasing re-ordering temperature. For 
example, the reordering temperatures are 
- 650°C with diamond, 730°C with corundum, 
and 760°C with zircon. This suggests that the 
extent of bombardment-induced disordering 
with a given substance depends on the ease 
with which the disorder anneals. 
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Note udded in proof. It is worth emphasizing that the 
assumption, with corundum and zircon, that gas re¬ 
leased at 600°-800°C is due to disorder annealing rests on 
fairly safe ground. With corundum this follows from an 
electron-diffraction study of Xe-bombarded specimens 
carried out by Matzke and Whittonll]; with zircon it 
follows from the fact that the gas-release maximum, 
7&FC. is similar to the value 8I0°C found by Fleischer 
et ul. [25] for fission-fragment track annealing for a I- 
min time scale. 
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SPIN RELAXATION PHENOMENA IN MOSSBAUER 
SPECTRA OF MAGNETICALLY ORDERED DYSPROSIUM 
INTERMETALLIC COMPOUNDS* 
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Abstract —Mossbauer studies of dysprosium metal and cubic Laves intermetallic compounds (DyAI*, 
DyNi 2 and DyCo 2 ) were carried out at various temperatures in the range between 4-2° and 147°K. The 
measurements show that relaxation processes modify the Mossbauer spectra, especially at temperatures 
close to the Curie points. The rate equation method of relaxation theory was employed to interpret 
the observed experimental spectra. Assuming that the crystalline fields do not significantly modify the 
level structure of Dy^ ions obtained due to exchange interactions, and considering only direct relaxa¬ 
tion processes (A J. = ± I), fair agreement between theory and experiment is obtained. 


INTRODUCTION 

Spin relaxation phenomena in Mossbauer 
spectra have already been observed in para¬ 
magnetic insulators [1], ferrimagnetic insula¬ 
tors [2, 3], paramagnetic metals [4] and also 
in ferromagnetic metals[5]. 

In the present work, Mossbauer measure¬ 
ments of the 25-6 keV transition of lBI Dy in 
ferromagnetic dysprosium metal and cubic 
Laves intermetallic compounds (DyAI 2 , 
DyNL and DyCo 2 ) were carried out. In these 
measurements, spin relaxation phenomena 
were.observed for a wide range of tempera¬ 
tures: We have succeeded to fit the observed 
low temperature spectra (below 80°K) by 
theoretical spectra involving only two adjust¬ 
able parameters. The calculations of these 
spectra are based on the assumption that the 
crystalline fields do not significantly modify 
the structure of the ionic levels which would 
be obtained in the case of pure exchange inter¬ 
actions and that the relaxation processes are 
direct, between adjacent levels only. Thus the 
only adjustable parameters are the molecular 
field splitting at a given temperature and the 
relaxation rate at that temperature. 


’Supported by the Israel Academy of Sciences and 
Humanities. 


THEORY 

Relaxation phenomena in Mossbauer spectra 
of magnetically ordered systems can be treated 
by the rate equation method [2,6,7], In this 
method, the principal formula, describing the 
Mossbauer spectrum is: 

S(w)= W. A' 1 . 1 (1) 

where W = {IV,, W 2 , ..., W„), and 1 is a col¬ 
umn vector of ones, n is the total number of 
possible different energy nuclear transitions 
(oscillatory states [7]) and W k is given by: 

W k = C k . p k (2) 

where C k is the nuclear transition probability 
and p k is the relative probability of the system 
being in the oscillatory state |k)[7]. The 
matrix A is given by: 

A = -r.I + /(ft-o>I)+w (3) 

where T is the Mossbauer line width, fl kl = 
oj k . S kl (k, 1=1,..., n) and 7r w is the prob¬ 
ability of the system going by relaxation pro¬ 
cesses from the oscillatory state |£) to the 
oscillatory state |1>. 

The following assumptions were made in 
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the calculations of the theoretical spectra of 
"'Dy in intermetallic compounds: 

(a) The structure of the sublevels of the D y 3+ 
ground level <«H,m state) is identical to that 
obtained in the case of pure exchange inter¬ 
actions, without crystalline fields. Each sub- 
level is characterized by the wave function 
| Jj t ). The energy of the state \J,J,) is given 

by: 

E(J t ) = —gjfSH m (T) • ( 4 ) 

where HJT ) is the molecular field acting on 
the Dy " ion at the temperature T. The rela¬ 
tive population of this state is given by: 

/;(./.) = exp {- EiJ e )lkT}/ 

2 exp {— E(J,)/kT }. (5) 

j 

The hyperfine fields acting on the "‘'Dy nuc¬ 
leus while the ion is in the slate \J,J t ), are 
given by 

H t .„{J ! ) = 2H(\!r')(J\\N\\J)J ! (6) 

and 

(1,-ttUt) [3 J*-J{J+ I)]. 

(7) 

(b) The relaxation processes occur only be¬ 
tween adjacent states, namely, only direct 
processes in which A./, = ±l are involved. 
In this case 

n(J c -* J s ±\) 

= Tf, < \(J ; ±\\J r \J ! }\ i p(J :; ±\). 
ir(J s 0 for |^l. (8) 

The assumption that only AJ ; = ±1 trans¬ 
itions are responsible for the relaxation pro¬ 
cess can be justified if only spin-spin and 
spin-conduction electrons relaxation have to 
be considered. Under the above two assump¬ 
tions we can treat each Mossbauer nuclear 
transition m, (/«//)-*(/„,//), separately. 


For each allowed nuclear transition m, the 
formula describing the corresponding Moss- 
bauer spectrum will be 

S m (u>) = W m . A."'.! (9) 

where 

W m = C m (p(J),p(J~ 1). ■ • -,p(-J)) 


and 


hcu m (J z ) — H,. u (J z ){f’ r: (i N I l > 1 XuPnIu*} 

eQr 




(3(//) 2 -/,.(/,+ !)) 


4/ P (2/ f — 1) 


Since for the 25-6 keV y-ray of 181 Dy there are 
16 allowed nuclear transitions (m = 1,.... 16) 
and J z can have 16 different values (J — 15/2), 
the matrix A (equation (1)) which was of order 
256 (number of oscillatory states | A>) is re¬ 
duced to 16 (complex) matrices each of order 
16. At low temperatures only a few lowest 
ionic levels are populated, and we can further 
decrease the order of the matrices A,„ accord¬ 
ing to the number of appreciably populated 
ionic levels, in our case, only matrices of 
4x4 up to 10X 10 had to be inverted, which 
simplified the calculations. 

Experimental details 

The radioactive source for the Mossbauer 
studies of the 25-6 keV transition in 16, Dy was 
,6l Tb in GdF,. 1/2FTO. This source has, at 
room temperature, an unsplit emission line 
with a width of about 5 mm/sec at half height. 
T he source was produced by neutron irradia¬ 
tion of GdF,,. 1/2H 2 0 enriched to 96 per cent 
with Gd"*°. The 25-6 keV y-rays were de¬ 
tected by a4 mm Nal(Tl) scintillation counter. 

The absorbers used were DyAl 2 (40mg/ 
cm J ), DyNi 2 (70 mg/cm 2 ), DyCo 2 (41 mg/cm 2 ) 
and Dy metal (50 mg/cm 2 ). Measurements 
were carried out at various absorber tempera¬ 
tures in the range between 4-2° to 147°K. The 
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temperature was measured by a Copper- 
Constantan thermocouple. The stability of 
temperatures was better than 0-5°K. The 
radioactive source was at room temperature. 

A linear velocity Mossbauer drive with a 
multichannel analyzer in the multiscaler mode 
was used [8]. 

Experimental results and discussion 
The measurements of Mossbauer spectra 


were carried out with the following absorbers: 
DyAI 2 at 4-2, 20-1, 32-5, 38 and 45 C K; DyNi 2 
at 20-TK; DyCo 2 at 20 1,76-7,108 and 128°K 
and Dy metal at 84, 115 and 147°K. The ex¬ 
perimental spectra are given in Figs. 1-4 
(dotted lines). 

In all the cases, except those of DyAl 2 at 
4-2°, DyCo 2 at 20 1° and Dy metal at 84°K, the 
Mossbauer spectra are modified by the re¬ 
laxation processes. The modifications due to 



Fig. 1. Mossbauer spectra of DyAl 2 . The solid lines represent theoretical 

spectra. 





T = 20-1°K 
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Fig. 4. The Mossbauer spectrum of DyNi, at 20-l <, K. 


relaxation processes are especially pronounc¬ 
ed at temperatures near the Curie points (62° 
for DyAl 2 , 150° for DyCo 2 and 179°K for 
Dy metal). 

Theoretical spectra were calculated for the 
following cases: DyAl 2 at 4-2, 20T, 32-5 and 
38°K and DyCo 2 at 20-1° and 76-7°K. The two 
adjustable parameters used in the calculations 
were: (1) ir 0 -the relaxation rate (see equation 
(8)) and (2) A — the separation between the ionic 
sublevels split by the exchange interaction. 
(According to equation (4), A(T) = gjpHJJ).) 
The solid lines shown in Figs. 1 and 2 repre¬ 
sent theoretical spectra which are in quite 
good agreement with the experimental spec¬ 
tra. The values of ir 0 and A which gave the 
best fits are given in Table 1. We have not 
tried to fit the spectra taken at higher tem¬ 
peratures because the model used and the 
assumptions made are probably not valid at 
relatively high temperatures. 

In order to justify our assumption that the 
structure, at low temperatures, of the sub¬ 


levels of the Dy 3+ ground level in DyAl 2 (and 
in DyCo 2 ) is similar to that obtained in the 
case of pure exchange interactions, we have 
diagonalized the Hamiltonian of the ion in the 
presence of both exchange and cubic crystal¬ 
line field interactions (the point symmetry of 
the Dy 3+ ions in the Laves intermetallic com¬ 
pounds is cubic). The ratio of the magnitudes 
of these interactions was used as a free para¬ 
meter. The calculations were performed for 
two possible directions of magnetization (100) 
and (111) and the charge of the A1 ions was 
assumed to be either 0, 1,2 or 3. The results 
of the computations show that even for crys¬ 
talline fields as strong as those predicted by 
the point charge model [10] (and exchange 
fields consistent with the Curie temperature 
of DyAi 2 ) the level structure of the Dy 3+ ion 
is similar to that obtained in the case of pure 
exchange interactions and J z stays a good 
quantum number. (Previous susceptibility 
measurements carried out on Ce 3+ ions in 
LaAl 2 , which has the cubic Laves structure 


Table 1. Molecular field splittings and relaxation rates with 
which agreement was obtained between theoretical and 
experimental Mossbauer spectra 





DyAlj 



DyCo, 

T(°K) 

4-2 

20-1 

32-5 

38 

20-1 

76-7 

A(°K) 

> 25 

24 

16 

12 

60 

55 

TT 0 (sec _l ) 


4.10 

to 4 .IO 11 

7-6.10” 


4.10 10 
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show that the crystalline field interactions 
are not larger than those predicted by the 
point charge model i 11 ])■ 

In a recent work on ErAl 2 [5], Wiedemann 
and Zinn assume that the level scheme of the 
Er” ions is determined mainly by the crystal¬ 
line field and that the ground ionic state is the 
|i t = ± 15/2) Kramers’ doublet. It is ex¬ 
tremely difficult to accept this assumption 
as the ionic states corresponding to a cubic 
crystalline field are not eigenfunctions of J z . 
The fact (hat the local symmetry at the Er :,+ 
ions in ErAI. is indeed cubic (and not a lower 
symmetry which may produce a (±15/2) 
ground state) is strongly supported by the 
disappearance of any quadrupole interactions 
above the Curie point 15). We believe that in 
ErAl.j too, the exchange interactions are 
strong relative to the crystalline field inter¬ 
actions. The temperature dependence of the 
magnetic hyperfine fields at the Er nuclei in 
HrAI 2 can be fitted by a Brillouin function 
corresponding to J = 1„*(*)] as well 
as by a B m (x) Brillouin function. 

Using equation (8) and the values of tt„ and 
A given in Table 1, we can calculate the effec¬ 
tive spin relaxation times between adjacent 
levels and compare them with spin relaxation 
times which were previously determined in 
other rare earth magnetic metallic systems. 
The effective relaxation time between two 
adjacent levels is given by 


-—= 7 t(J z *2 J z + 1) — TToK •/*+ ll-f+l/l)! 2 

(PU z ) + p{J z + 1)). 

r eff for the two lowest levels in DyAI 2 at 20°K 
is found to be 0-2 X 10"" sec. This value of r etf 
is of the same order of magnitude as spin re¬ 
laxation times observed in other metallic 
systems, like YbNi 5 [r(20°K) = 0-7 x ]0~" 
sec] and YbPd 3 [r(20°K) = TOx 10"" sec) 
[4]. These relatively short relaxation times 
correspond, probably, mainly to spin-spin 
and spin-conduction electron interactions. 
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Abstract— Time-resolved spectra are taken during the decay of near-band-gap recombination radiation 
from n-GaAs ionized by a 10 nsec current pulse. Comparison of these bulk electroluminescent spectra 
with photoluminescent spectra in Ge-doped GaAs at 77°K shows that they are composed of two 
peaks of constant energy but variable relative height, which are identified with band-to-band and band- 
to-acceptor transitions. Self-absorption is an important factor in the bulk electroluminescent spectra. 
The decay curves of both components, having time constants of the order of 10 nsec, when fitted to 
theoretical curves derived from a simple model, allow approximate values of the recombination con¬ 
stants involved to be derived. The radiative band-to-band constant is of order 10"* cm 3 sec -1 , and the 
radiative conduction band-to-acceptor constant, 10 _,0 cm 3 sec -1 ; both a little smaller than anticipated 
from theory. A significant difference is found between the hole capture constant, also 10“ 10 cm 3 sec"', 
and the much larger value given by the theory of Ascarelli and Rodriguez. Results are also given on 
heavily compensated Te-Zn doped material, where a continuous shift of emission peak energy with 
excitation occurs and the interpretation of this paper cannot readily be applied. 


1. INTRODUCTION 

Germanium in gallium arsenide acts as an 
amphoteric dopant, producing mainly donors 
at low doping levels and an increasingly large 
proportion of acceptors as the total germa¬ 
nium concentration is increased above 10 17 
cm -3 . Kressel et a/.fl] have analyzed photo- 
luminescent data on both n- and p -type Ge- 
doped GaAs, and shown that two acceptor 
levels are associated with the germanium, at 
30 meV and 70 meV above the valence 
band. The intensity of the photoluminescent 
bands arising from radiative recombination to 
either acceptor level decreases relative to the 
band-to-band recombination as the incident 
exciting radiation level is increased, an effect 
attributed to changes in the relative hole 
population of the valence band and acceptor 
levels. 

The work to be described here analyzes the 
recombination processes in n-type Ge-doped 
GaAs in more detail. Since all time constants 
involved in the various recombination paths 
are of approximately the same order, the kine¬ 


tics of the recombination is of importance. It 
is not possible to determine the mechanism 
from steady-state photoluminescent data 
alone; there are too many parameters involved, 
and the most important one, the excitation 
level, can only be estimated. An alternative 
method is therefore employed, that of time- 
resolved spectroscopy of pulse-excited bulk 
electroluminescence. The resolution time of 
this method is that of the detector, of the 
order of 3 nsec, which is less than the time- 
constants involved. It has the advantages of 
using a bulk ionization process and thus mini¬ 
mizing diffusion problems, and of allowing 
direct measurement of the initial ionization 
density, in addition to adding the dimension 
of time to the experiment. 

Pulse-excited bulk electroluminescence has 
been described earlier [2] in connection with 
the comparison of radiative and non-radiative 
recombination processes. It occurs following 
the passage of inhomogeneously nucleated 
Gunn domains through moderately heavily 
doped GaAs to which a field in excess of 
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2200 V cm' 1 is applied. For material having 
an electron density of greater than 10 17 cm 3 , 
the ionization usually reaches a steady state 
in about 5 nsec and is essentially uniform 
throughout the active part of the sample. 
Radiation occurs from the whole bulk of the 
sample, and therefore the total power is 
greater than that obtained from injection 
across a junction where the active volume is 
very thin. In combination with the well 
defined starting time this makes the system 
very suitable for the study of recombination 
kinetics. 

2. EXPERIMENTAL 

The doping, properties, and method of 
growth of the materials studied is shown in 
Table I. Epitaxial crystals were grown from 
solution by the method of Nelson[3]; the boat 
grown Ge-doped crystal G3 was supplied by 
RCA Electronic Components and Devices 
Division, and the Te-Zn doped crystal Z! 


indium contacts were used. The purpose of 
the broadened ends of the dumbbell was pri¬ 
marily to allow higher ionization levels to be 
achieved without burning out the contacts: it 
was ascertained that the form of the radiation 
spectra does not depend directly upon the 
shape of the sample. Samples were excited 
into BEL by a 1-5 IT delay line pulser which 
uses a low-impedance mechanical relay to give 
a pulse 5 or 10 nsec long. The recombination 
radiation rises during the first 5 nsec concur¬ 
rent with the achievement of steady state 
ionization, and then rises again as the applied 
voltage switches off. These initial changes 
occurring under the applied field are attributed 
to hot carrier effects, and will not be considered 
in this paper. The measurement technique uses 
the voltage pulse across the sample to trigger a 
Tektronix 661 sampling oscilloscope, to 
which is fed the output from the sample, 
passed through a Bausch and Lomb 33-86-45 
monochromator and detected by an RCA 7102 


Table 1. Constitution of experimental materials 



Nominal concn. 

Electron 

Mobility 

Growth 


(X 10 17 cm" 3 ) 

concn. (x 10 17 cm -3 ) (cm ! V"‘sec 1 

) method 


Ge Te Zn 




G1 

5 

11 

2900 

Epitaxial 

G2 

5 

1-2 

3200 

Epitaxial 

G3 

5 

1-8 

2700 

Boat 

Zl 

12 10 

0-5 

500 

Boat 


was obtained from the Monsanto Corpora¬ 
tion. The nominal concentration of impurities 
is derived from the level of melt doping and 
the conditions of growth rather than by direct 
chemical analysis. The crystal Z1 in fact seems 
to be quite closely compensated and is rather 
inhomogeneous, samples cut from adjacent 
regions of the same wafer having resistivities 
varying by up to 50 per cent, and also show¬ 
ing differences in the emission spectra. 

For bulk electroluminescence (BEL) mea¬ 
surements, samples were cut with cross- 
section of about 01 x O'15 mm* and with 
active length of about 0-5 mm, either as 
straight bars or in dumbbell form. Alloyed 


photomultiplier with a 50 fl load. The internal 
delay on the oscilloscope is fixed at a se¬ 
quence of positions, and spectra taken at each 
time position. 

The mechanism of ionization in BEL 
involves high and inhomogeneous fields, 
which affect the recombination of electrons 
and holes, Observations with a deflectable 
image convertor tube have shown that 
although during the ionizing pulse, the infra¬ 
red emission is not uniform over the active 
part of the sample, it becomes fairly uniform 
once the ionizing field is removed. An excep¬ 
tion is the presence of a thin surface layer of 
lower ionization. The non-uniformity is mainly 
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due to hot carrier effects on the self-absorp¬ 
tion, rather than non-uniform ionization, and 
since all measurements described in the paper 
are made after the applied field has reduced to 
zero and the hot carriers relaxed to the lattice 
temperature, details of these effects are not of 
present significance. 

Photoluminescence (PL) has been studied 
in small samples with chemically polished sur¬ 
faces. Samples were excited by either a 20 
mW He-Ne laser, modulated by a disc 
chopper, or by a GaAs-P junction laser 
pulsed with 200 nsec pulses at 1 kHz. In both 
cases the laser beam may be focussed to a 
small spot, which in the case of the junction 
laser can create flux densities as high as 1 O'* W 
cm -2 . The same monochromator and photo¬ 
multiplier as before are used, with a lOkfi 
load on the photomultiplier, followed by a 
PAR JB-5 phase-sensitive amplifier. The 
response of the SI photocathode of the photo¬ 
multiplier is sufficiently flat in the region of 
interest that no correction is required. For 
both PL and BEL, measurements are made at 
77°K, with the sample immersed in liquid 
nitrogen. 

3. RECOMBINATION KINETICS 

It will be convenient first to describe the 
model which will be used in analyzing the 
experimental data. Although simple, it appears 
to embody most features of the behavior of 
the near-band-gap recombination radiation. 
Three energy levels are considered: conduc¬ 
tion band, valence band, and acceptor level; 
and these are taken to behave as if they always 
had the same location and spread of energies 
within the level, so that radiative transitions 
between any pair of levels will always give a 
fixed spectrum. Transitions to other levels 
are included as non-radiative components. 
The effective recombination rate coefficients 
are assumed to be independent of the popula¬ 
tion of any level. The analysis is a simple 
variant of many others such as the Shockley 
and Read[4] analysis; it differs in retaining 
non-linear terms and including self-absorp¬ 


tion. Band-tails are considered to produce 
only a spectral broadening. Experimental 
observations in the material studied support 
the concept of fixed levels; the radiative 
band-to-band and band-to-acceptor recom¬ 
bination peaks which occur near 1-51 and 1-48 
eV, the A1 and A2 peaks, show only a slight 
shape and location variation over a wide 
range of excitation levels. 

The various recombination processes 
following the initial ionization are shown in 
Fig. 1, the recombination rate coefficients 
being: band-to-band (radiative), B u (non- 
radiative), B t ; conduction band to acceptor, 
(radiative) B z , (non-radiative) B 5 ; and acceptor 



Fig. 1. Electron transitions involved in the present 
interpretation. 


to valence band, B 2 . It will be assumed that the 
non-radiative recombination rate is propor¬ 
tional to the product of the hole and electron 
densities, although this is a simplification 
since intermediate states may be involved, 
resulting in a more complicated recombina¬ 
tion mechanism. The radiative recombination 
rate is also supposed proportional to the same 
product, the effect of possible momentum 
selection restrictions being ignored. In addi¬ 
tion to the recombination, two carrier genera¬ 
tion mechanisms are considered. The first is 
the thermal excitation of electrons from the 
valence band into unoccupied acceptor levels. 
The second arises from the self-absorption of 
the band-gap radiation, which is a large effect. 
A fraction/of the radiation emitted from any 
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region in the bulk will be taken to emerge 
from the surface, the remainder being re¬ 
absorbed to produce further electron-hole 
pairs with a quantum efficiency close to 100 
per cent. The assumption of spatial uniformity 
is made which is a fairly good approximation 
since most of the reabsorption takes place in 
the first few microns after emission. Detailed 
considerations of the nature of the self-absorp¬ 
tion and its effect on spectral distribution lead 
to some anomalies, which will be discussed in 
Section 5. 

The recombination equations, then, may be 
written 


and 

riipiBt = (N„—Pi) PiB 2 - 

Semiconductor statistics [5] give 

(N„-pi)IN a = 1/(2exp (E a — E f )/kT + 1 ) 
pjNv = l/(exp (Ef-E„)/kT + 1) 

where N ,, is the effective valence density of 
states. Thus, if the hole distribution is not 
degenerate, 

N, = (i)N„exp ((E v -E a )lkT). (1) 


r, = (n + /i 0 )p,fi 1 
h = (N a -p 2 )p x B 2 

r 2 = (n + n t) )p 1 (B 3 + Br > ) 
r 4 = (n + n H )p,B 4 


Expressing the rates of change of hole 
density in terms of the recombination rates 
now leads to the rate equations 

dpjdt =-(n u +p 4 +p 2 )p 4 (BJ+B 4 ) 


with: n„ density of free electrons in the un¬ 
ionized material 

n density of excess electrons after ioni¬ 
zation 

p, density of holes in the valence band 
p 2 density of holes in the acceptors 
N„ total acceptor density 
B, - s recombination rate coefficients. 

The band-to-band generation rate is 

g i = (1 ~f)r, 

while the thermal generation of electrons into 
acceptors must be proportional to both the 
density of holes trapped on acceptors and the 
recombination coefficient: 

tii = N\P>B 2 . 

T he constant N x is calculated by considering 
the special case of a thermal equilibrium situa¬ 
tion, (breaking communication with the con¬ 
duction band) with a quasi-Fermi level E f . 
Under these conditions 

Si = r 2 


-(N a -p 2 ) Px B 2 + N lP2 B 2 (2) 
dp 2 ldt = - (n 0 +p i +p 2 )p 2 (B 3 + B i ) 

+ (N„~Pt)p i B 2 ~N 1 p 2 B. 2 (3) 

while the observed relative radiation inten¬ 
sities emitted from the sample will be 

band-to-band = (/z,,+p, +p 2 )p x B 4 f (4) 

band-to-acceptor <J> 2 = (n n +p x +p 2 )p 2 B 3 (5) 

An exact analytic solution of equations (2) 
and (3) to give the time dependence of the 
parameters (4) and (5) is not feasible. Equa¬ 
tions similar to these have been discussed in 
the past for a number of recombination situa¬ 
tions; Friedrich and Jungk[6] have treated 
the two-center case and given approximate 
solutions for various regions of dominance by 
different recombination coefficients. In the 
present paper, computer solutions of the 
equations have been used. 

The intensity dependence of the steady 
state PL spectrum is treated by inserting a 
photogeneration rate g 3 into equation (2) and 
equating the rates of change of p x and p 2 to 
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zero. The exciting radiation is essentially 
non-penetrating, and emission occurs within 
the hole diffusion length of the surface. The 
self-absorption factor f will therefore be close 
to unity, significant absorption occurring 
only at energies greater than the band-gap. 

The steady state equations are now 

g 3 = (n 0 +p i +p t )(p i [B 1 f+B 4 ] 
+p2[B 3 +B s ]) 

0= ( n 0 +p l +p 2 )p 2 (B 3 +B i ) 

+ (PtNi-p 1 [N a -p i ])B 2 16) 

These give simple solutions only in the linear 
limit when the carrier densities are small, and 
the ratio of the A x and A 2 peaks remain con¬ 
stant. A detailed analysis of the non-linear 
situation, when AJA, diminishes as g 3 
increases, is not made here, mainly because it 
is not possible to get accurate experimental 
values for g., to fit the theory. The approximate 
region of onset of non-linearity is found from 
the linear theory by allowing the proportion of 
holes in the acceptors to become significant, 
putting p 2 ~ N-J2. This yields, ignoring 
second-order terms in equation (6), 

£»sat = n„[N a B t ( B 3 + B 5 )/2 

+ [Nl/f2 + W o(Z?3 + f?5)] 

X(BJ+B 4 )]IB 2 (7) 

The parameters derived from the time- 
dependent spectra should be only approxi¬ 
mately applicable to this formula, since 
the presence of the surface will introduce 
additional recombination mechanisms. 

The analysis of this paper will be applied 
only to the Ge-doped material where com¬ 
pensation is not heavy, and the acceptor forms 
a fairly discrete level. In principle, the argu¬ 
ment could be extended to a range of non¬ 
communicating levels having a range of B 2 
and B 3 values; and the model applied to the 
situation when acceptor levels have become 
spread until they combine into a continuous 
valence band tail. This would contrast with the 


model in which a quasi-Fermi level is defined 
for the tail, that is, when communication 
between tail states is fast. In practice , how¬ 
ever, the validity of such a model of non¬ 
communicating states would have to be 
determined by curve fitting of a large number 
of decay curves taken at different excitation 
levels and temperatures. Such a task is of a 
considerable magnitude, and in the present 
paper this question, of the communication 
between acceptor levels which have been 
spread out into a continuous band tail, will not 
be examined. 

4. EXPERIMENTAL RESULTS 
A. Photoluminescence 
Spectra which are typical of photolumines¬ 
cence in both epitaxially grown and boat 
grown Ge-doped GaAs at 77°K appear in 
Fig. 2. Over most of the range of excitation 
levels obtained with the He-Ne laser, the 
spectrum retains the constant form shown in 



Fig. 2. Photoluminescent spectra of sample G2 at 77°K 
with moderate and high excitation levels. Approxi¬ 
mate resolution into separate peaks shown: broken line 
is temperature-corrected Al component of BEL spectrum. 
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the lower part (b) of the figure, while at the 
most intense excitation, obtained with a well- 
focussed GaAs-P pulsed laser, a saturation 
of the lower energy peak (A2) occurs, as in 
part (a). The two main component peaks A1 
and A2, identified with band-to-band and 
band-to-acceptor transitions, are indicated in 
(a); A1 retains its shape in (b) while A2 shows 
some broadening to lower energies, the signifi¬ 
cance of which is minimized in this analysis. 
The peak N3, identified with a deep acceptor 
level, shows a continuous gradual change of 
shape with excitation. The nature of these 
changes in n- and p-type materia! has been 
discussed! lj. Present experimental data do 
not give an adequate specification of the time- 
dependence of this peak, and in the interpreta¬ 
tion transitions involving the deeper level will 
be included in other non-radiative transitions 
(both B 4 and B, in Fig. 1). 

The shape of the PL AI peak is only 
approximately as expected from detailed 
balance arguments [7] using the optical 
attenuation curve, measured for the present 
samples up to attenuation values of 10 3 cm _1 
and extrapolated above that on the basis of ex¬ 
perience with similar material. Above the band- 
gap energy, where the attenuation only varies 
slowly, the emission intensity does indeed fall 
off as the black-body radiation « 2 exp (—t/kT). 
At energies below the peak, however, the 
slope is much steeper than expected from the 
sum of the slopes of the attenuation constant 
and the black-body radiation. Some factors 
involved in this difference are discussed in 
Section 5. Small changes in peak location 
between different samples at a given excitation 
level can be attributed to self-absorption, with 
differences in active layer depth of less than 
1 /am. The slight increase in peak width at lower 
excitation levels cannot be adequately ex¬ 
plained. For the purposes of this paper, the 
changes are sufficiently small that the peak 
heights are a good measure of the correspond¬ 
ing radiative recombination rates. 

By way of contrast to this discrete acceptor 
behavior, measurements have been made in 


the heavily compensated Z1 material where 
band-tailing dominates. The excitation level 
dependence of PL is shown in Fig. 3. The 
dependence is marked at quite low excitations, 
when little laser spot focussing is required. 



Fig. 3. Photoluminescenl spectra of heavily compen¬ 
sated sample ZI as a function of excitation level. Estima¬ 
ted incident flux in W cm' 2 shown. Scale of curves 
adjusted as described in text. 

The spot size may be measured and incident 
flux estimated, and these estimates are given 
on the curve. The scale of each of the lumines-' 
cence curves is adjusted so that it corresponds 
to a given total input power, i.e. plotted as if 
the same proportion of the radiation were 
collected each time and the focussing only of 
the excitation radiation changed. No analysis 
of the spectra into discrete curves is possible, 
apart from the suggestion of an emerging peak 
at 1 485eV. The direct band-to-band transi¬ 
tion in the high density-of-states region near 
L51 eV does not appear at all in this material. 
It is evident that the analysis given in Section 
3 cannot be applied without modification. 

B. Bulk electroluminescence 
Very similar BEL behavior is seen in all Ge 
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doped samples measured. Spectra were taken 
every 10 nsec or so, the decay time being 
sufficiently long in the one sample to give data 
200 nsec after the ionizing pulse. The time 
development of a typical set of spectra 
appears in Fig. 4, the spectra being normalized 
on the low energy side to demonstrate the 
shift more clearly. Pulse-to-pulse variability 
of the output causes the spectra to be rather 
more noisy than the PL spectra, and the figure 
shows smoothed spectra. The times indicated 
are in nanoseconds after the onset of ioniza¬ 
tion, as indicated by the light output; it occurs 
about 3-5 nsec after pulse initiation. By 15 
nsec after ionization onset the applied field has 
already decayed to a small value. 



Fig. 4. Bulk electroluminescent spectra for sample G2 
measured at a series of different times (in 17 sec) after the 
start of the ionizing pulse. Spectra all differ by a multiple 
of lower peak. 

It was found that all time-dependent spectra 
could be derived from the components, Al, 
A2 and N3, decaying at different rates. The 
Al spectrum is derived from the difference 
between earlier and later spectra of Fig. 4, 
and is shown below the main series. It is 
strongly self-absorbed, in contrast to the A2 
peak, for which self-absorption may be 
neglected at the peak maximum. There is an 
uncertainty in the height of the Al component 
towards the end of the decay since the shape 


of the A2 peak is not accurately known; an 
increment which is a fixed proportion of the 
A2 peak must be included. This increment 
was determined in such a way that good fit to 
the theoretical decay curves was obtained. 
It is a small proportion pf the total, and its 
magnitude does not affect the final conclusions 
significantly. 

The curves from which the recombination 
rates are deduced are shown in Fig. 5: the 
relative decay rates of the A1 and A2 peaks. 
The points are experimental; the curves are 
fitted from equations (2-5) as discussed in 
Section 6. The zero time is taken as that at 
which ionization is established, rather than 
the commencement of the ionizing pulse. Any 



Fig. 5. Measured decay curves of Al and A2 peaks for 
three samples compared with curves fitted using the 
theory. Zero time taken at beginning of ionization. 


drift of the apparatus sensitivity during the 
sequence was corrected by comparing the 
spectral height with a single decay curve 
taken at fixed frequency. The current through 
the sample during the exciting pulse for these 
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runs was about twice the critical current, 
corresponding to a created hole density 
approximately equal to the original electron 
density [2]. Measurements at substantially 
greater ionization levels produced curves of 
similar appearance. The ionization level 
dependence was not investigated in detail 
since the theory does not predict any strong 
dependence within the attainable range, and 
also because the samples tended to break down 
rather frequently at higher pulse currents. 

The time-dependent BEL spectra of the Zn 
compensated material Z1 are shown in Fig. 6. 
A continuous shift to lower energies occurs 
during the decay. The spectra appear similar 
to those in Fig. 3 taken with the incident flux 



•v 


Fig. ft. BF.I spectra of sample Zl at various times 
(nsec) during the decay. Broken line: approximate 
correction for self-absorption. 

in the I W enr 2 region; but in fact they corres¬ 
pond to even higher excitation levels, as is 
known from the measured excess electron 
density. The correspondence becomes evident 
when the curves are corrected for self-absorp¬ 
tion, as indicated by the broken line in Fig. 6. 
The measured absorption curve is used, extra¬ 
polated beyond ]-47eV on the basis of 
measurements on similar samples. As dis¬ 
cussed in the next section, use of a measured 


curve is not completely justified, and the 
broken line will only be an approximate indica¬ 
tion of the intrinsic emission. The higher 
energy of the corrected peak corresponds, on 
a rough extrapolation, to a PL peak with 
incident energy of the order 300 W cm -2 ; the 
recombination rates are not sufficiently well 
known to allow an estimate of the ionization 
level produced. 

In total, the data on the Zl material does 
not appear necessarily to require any assump¬ 
tions of time-dependent processes, or allow an 
unambiguous interpretation along these lines. 
The spectral shift might be accounted for by a 
steady shift of the hole quasi-Fermi level 
through a continuum of states, which may be 
either an extended band tail or a range of essen¬ 
tially separated acceptor states. A detailed 
analysis of similar situations has been made 
[8] in which time-dependent transitions 
between band tail states are considered. The 
object of describing the data here is to show 
that BEL results are not inconsistent with the 
steady state PL results. 

Time-resolved spectra have also been taken 
for BEL in Te and Sn doped GaAs. The time 
constants tend to be a little shorter in these 
materials, so that the range of measurement 
can be extended over only about 70 nsec. No 
change in shape or position of the spectra is 
observed during the decay time. In these 
materials, which are only slightly compen¬ 
sated, the lack of change could be due either 
to the absence of acceptor states or to a 
difference in the nature of the band tails. 

5. SELF-ABSORPTION: 

COMPARISON OF PL AND BEL 

The major difference between the PL and 
BEL spectra lies in the truncation of the 
latter at high energies due to self-absorption. 
Figure 2(a) compares the A1 peak in PL with 
that in BEL (broken line; temperature cor¬ 
rected). If the absorption constant at any 
photon energy is a per unit length, then the 
observed spectrum in a uniformly excited 
material of thickness d will be 




DERIVATION OF RECOMBINATION RATE CONSTANTS 


63 


4> 0 (e) = f“ exp(-ax)Pi(c)dx 

= 1 ~ exp (~ad))/a (8) 

where Pi (e) is the intrinsic radiation spectrum. 
Thus when ad is small, the intrinsic spectrum 
shape will be followed, and when ad is large, 
at higher energies, the intrinsic spectrum will 
be divided by a. Since detailed balance argu¬ 
ments [7] give the intrinsic spectrum equal to 
the black-body spectrum multiplied by a, one 
is left with a predicted high-energy emission 
having the black-body distribution. Observa¬ 
tion does not bear this out, the high energy 
cut-off being much steeper. The reason is that 
excitation is not uniform, a surface layer of 
lower ionization density being formed both by 
the higher surface recombination rate and by 
radiation ‘cooling’ of the surface. Confirma¬ 
tion of this explanation is seen in a sample in 
which about 10 microns of low-conductivity 
substrate is left on the sample. When viewed 
from the substrate side an appropriately 
sharper high-energy cut-off is seen. The exis¬ 
tence of the surface layer cut-off does not 
affect the peak height significantly. 

There are difficulties in correlating the ratio 
of PL to BEL with the measured absorption. 
These are demonstrated in Fig. 7. The BEL 
spectrum, taken at a late time when its shape 
had stabilized, is compared with the high- 
excitation PL spectrum. Broken lines show 
small estimated corrections, for a cool surface 
layer in the case of BEL, and for self-absorp¬ 
tion in the case of PL. Although there is no 
way of knowing how close the hole densities 
are in the two samples, the similarity of spec¬ 
tral shape at low energies where there is no 
self-absorption shows that the conditions 
are at least similar for the two modes of excita¬ 
tion. The ratio of the two corrected radiation 
intensities, together with the thickness of the 
sample, 100 ^m, now yields a deduced absorp¬ 
tion curve, labelled PL/BEL. It varies con¬ 
siderably from the curve measured in the 
ionized sample, also shown, Any comparison 
of PL with BEL spectra which seems reason- 



Fig. 7. Measured absorption curve of G1 at 77°K, com¬ 
pared with effective absorption curve derived from com¬ 
parison of PL with BEL spectra. Broken lines: correction 
for surface layer absorption. 

able yields a similar discrepancy; self-absorp¬ 
tion is not large between 1-48 and 1-5 eV. 
Part of this discrepancy is due to the filling of 
the valence band tail by holes at the finite 
excitation levels of the BEL compared with 
the very low levels at which absorption 
measurements are made. However, this can¬ 
not be the complete explanation, since the 
effective absorption curve would then 
approach the low-level curve as the hole 
density decayed away, and this does not 
occur. The difficulty has not been resolved; 
but since the main arguments of this paper 
do not depend on the origin of the shape of the 
individual spectra discussion of the point will 
not be pursued. 

The BEL spectrum in Fig. 7 has been 
shifted by 5 MeV to compensate for sample 
heating during the ionizing pulse. The 
necessary amount of shift was ascertained by 
extending the ionizing pulse and measuring 
the extra shift. The heating is of order 15°K, 
and does not change the spectral shape 
significantly. 

6. RECOMBINATION RATES 

Examination of the equations (2-5) shows 
that there are no single features of the expert- 
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mental data that allow individual determina¬ 
tions of the unknown parameters involved; 
initial slope, final slope, relative height of A) 
and A2 peaks and the maximum of A2 all 
depend on several parameters. A curve-fitting 
method is required to find a consistent set of 
parameters. The method employed used com¬ 
puter adjustment of parameters to fit the curve 
shape, and a set of trial values of other 
parameters ( B. t and N„) to obtain the best fit 
and most reasonable relative height of the two 
peak decay curves. 

The acceptor density may be estimated 
from the knowledge of the composition of the 
melt from which the crystal was grown, as 
described by Kressel et a/.[lj. The method 
may possibly over-estimate the density since 
other acceptor centers are also present. A Ge 
acceptor density of about twice the free carrier 
density, i.c. a total Ge concentration of about 
5 x I0 l7 cm~ 3 , seems consistent with the initial 
doping and melt growth conditions for all 
crystals. The factor N, requires the separa¬ 
tion of the acceptor level from the valence 
band to be known: this is given by the PL 
spectra, corrected for the small self-absorp¬ 
tion. as 30meV. The effective density of 
states in the valence band at 77°K is 1-5 X I0 IH 
cm' 3 . using an effective hole mass of 0 7 m. 
Thus /V, = 9x I0 ls cm' :1 from equation (I). 
Self-absorption in the BEL material may be 
estimated by comparing the AI peak with that 
for PL, and matching them in the non- 
absorbed low energy region. The PI peak 
must be corrected for self-absorption and the 
BEL peak for temperature shift. The result¬ 
ing ratio of peak heights now gives the frac¬ 
tion f of radiation escaping as equal to about 
0 - 2 . 

The best fits obtained are shown as solid 
lines in Eig. 5, and the values of parameters 
required for these curves in Table 2. Curve 
shapes are insensitive to values of B 2 less than 
about 2x 10 10 cm' 1 sec but it is important 
to note that all curves calculated with B 2 > 

4 x 10-'° give too sharp a drop-off of the A2 
peak. A value of N„ = 2 n„ was used in Table 


Table 2. Values of parameters used in 
fitting decay curves of Fig. 5 (X 10 -,0 cm 3 
sec -1 ) 



B, 

B* + B t 

fB, + B 4 

Gt 

0-9 

3-0 

50 

G2 

08 

1-8 

2-8 

G3 

M 

40 

4-0 


2; values somewhat less than this give similar 
shapes but change the relative magnitudes of 
the curves, an uncertainty in N„ giving an 
equal uncertainty in the curve magnitude 
ratio. This ratio is used as follows. From 
equations (4) and (5) one deduces 

meas fBJB, (9) 

Both B , and B-, are radiative constants and 
should not vary greatly between similar 
materials, and the required constancy of the 
ratio (9) has been used to further restrict the 
range of possible parameters. The best con¬ 
sistency is obtained with a ratio of about 0 8. 
Now, examining Table 2, noting that the 
values of B are all rather small, as discussed 
in the next section, so that the radiative com¬ 
ponent must be a large proportion of the total, 
the conclusion may be drawn that a good 
compromise set of values is: 

B, = 0-3 to 2 X 10-" cm 3 sec-’ 

B-, = 0-5 to 2 x 10- u > cm 3 sec” 1 
B, t = 1 to 2 x 10~ 10 cm 3 sec -1 

for each sample, with the remaining non- 
radiative components varying by a factor of 
about 3 between samples. 

7. DISCUSSION 

The purpose of this paper has been to 
examine the possibility of obtaining a fairly 
good fit to the experimental data by a simpli¬ 
fied model. It is evident that the model used 
cannot be simplified to the point where the 
valence-acceptor transition rate is indefinitely 
fast and a quasi-Fermi level defined since the 
calculations show that a marked flattening of 
ttie initial part of the A2 decay is not possible 
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in the limit B 2 » over the range of intensi¬ 
ties observed. The question now arises, 
whether the derived values of fl,_ 3 are reason¬ 
able. The van Roosbroeck and Shockley 
theory[7] may be applied to calculate B t . 
Discussion is given, elsewhere [9] on the 
possible modifications of the procedure to 
take account of band tails in such a way as to 
yield the observed spectrum. If this is done, 
the value at 77°K is seen to be close to the 
2-1 x 10" l, cm 3 sec"' quoted by Varshni[20] 
for a material with an ideal band-structure. 
Alternatively, the recombination might be 
regarded as taking place between the donor 
states very close to the band and free holes, 
and Aukerman et a/.[10] use the Dumke 
theory to derive a value of 1 -5 x 10 -9 cm 3 sec -1 
on this basis. Thus on a theoretical basis one 
would expect B, to have a value close to that 
obtained from the measurements of this 
paper. Experimental results for B, have been 
obtained by Wittry and Kyser[ll], using 
diffusion length techniques. The technique is 
difficult and there is considerable scatter in 
the results. Sushkov and Moma[12] give 
reasons for believing that the Wittry and 
Kyser values tend to be high; in some cases 
non-radiative recombination can increase the 
apparent B,. In n-type GaAs the lowest 
values derived were of order 2xl0 -,( ’cnr 1 
sec -1 . Thus, within the error of our methods, 
the value of B, deduced from the present 
experiments may be regarded as not in 
disagreement with theory and with other 
experiments. A number of other values of 
recombination constant have been published, 
but these cannot be identified with band-to- 
band rather than band-to-impurity transitions. 

The agreement for B ; , is also quite good. 
The theory of Dumke[13], which takes 
hydrogenic acceptor wave functions and 
calculates recombination rates from the mat¬ 
rix element with the k ~ 0 conduction 
electrons, gives B 3 = 8x 10 -,0 cm 3 sec -1 for a 
30meV level. Vilms and Spicer[ 14] obtain, 
with order-of-magnitude accuracy, experi¬ 
mental values of fl 3 ~ 10 -9 cm 3 sec -1 for 


Cd and Zn acceptors in fairly heavily doped 
material. The value derived from the present 
experiments is fairly close to these. In con¬ 
trast, the hole capture constant B 2 has a 
small value which deviates significantly from 
expectation. The theory>of Ascarelli and Rod¬ 
riguez [15] describes thfe phonon-radiative 
cascade capture of charge carriers. A marked 
cascade through the acceptor excited states 
is predicted only at low temperatures; at 
77°K only the ground and first excited 
states play an important role. Thus, in the 
Ascarelli and Rodriguez notation, using the 
carrier effective mass appropriate to holes 
in GaAs and « 0 = 2, the factor exp (£,/ 
n^kT), to which fi 2 is proportional, is of 
order unity. The value of fl 2 is calculated from 
theory to be 6 x 10" 9 cm ;i sec - ', much larger 
than that of Tabic 2. Direct experimental 
measurements of hole capture rates under 
conditions comparable to present experi¬ 
ments have not been found. As a poor sub¬ 
stitute for these, one may estimate the rate 
of hole capture by acceptors such as Zn in a 
luminescent GaAs diode, since the radiated 
flux and the volume of recombination are 
known. Stern[l6] discusses results[17] in 
which the acceptor density is 6 x 10 18 cm -3 , 
and the injected current leads to a recom¬ 
bination rate of 5 x 10 Z7 cnr 3 sec -1 at 300°K. 
If the acceptor levels are to maintain a hole 
occupancy of more than 50 per cent, then the 
corresponding values of B 2 must exceed 
2-5 x 10 -1 °cm 3 sec -1 . A strong temperature 
dependence of B 2 is not expected; one is 
therefore led to anticipate a value at 77° 
at least somewhat in excess of that in Table 2. 

As a possible interpretation of the dis¬ 
agreement with the theoretical fi 2 , it is sug¬ 
gested that holes may be localized in fairly 
small regions. The band-tail model of Red- 
field [18] describes spatial energy fluctuations 
which could lead to such localization under 
the conditions of these experiments. If the 
regions in which the holes are held are so 
limited that they do not in general also contain 
an acceptor center, then hole capture will 
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be markedly reduced from that given by an 
ideal model with a flat valence band. Such a 
situation could occur if there were many 
other negatively charged centers besides the 
filled Ge acceptor which attract holes (without 
necessarily completely capturing them) or if a 
large proportion of Ge acceptors are located 
close to Ge donors, which will be positively 
charged and repel holes. The statistics of 
such a situation have not been studied and the 
suggestion is made only tentatively. 

Values of B 2 and B 3 of similar magnitude 
to those derived here were obtained by J. A. 
W. van der Does de Bye(19], using decay 
of electron-beam excited luminescence. 
The acceptor centers he observed, however, 
were different. Although the data were inter¬ 
preted to show acceptor levels as low as 
30meV, the radiation emitted due to the 
conduction-band-to-acceptor recombination 
peaked always at energies 150meV or more 
below the band gap. Thus direct comparison 
with the present data is not valid. 

The incident flux at which saturation of 
the PL A2 peak sets in may be estimated 
from the measured output of the GaAs-P 
laser, 01W. The minimum image size is 
determined by diffraction and by the degree 
of coherence of the incident radiation; an 
estimate of 10 x 50/zm 2 is reasonable, leading 
to a flux of 2x 10 4 W cm' 2 . The flux anti¬ 
cipated to approach saturation of A2 may be 
calculated from equation (7), using values of 
recombination rate constants derived (Table 
2). With a penetration depth of 3 fim due to 
hole diffusion, and/ - 1, the flux is calculated 
to be SxKPW cm -2 . If system losses 
are included, it appears there is good order- 
of-magnitude agreement between the two 
figures; better agreement involving a more 
accurate measure of incident flux would be 
difficult to achieve. Both PL and BEL ob¬ 
servations can therefore be explained with 
some success using similar B values. 

In summary, it appears that the model 
presented here can give a consistent approxi¬ 
mate explanation of the kinetics of recombina¬ 


tion via germanium acceptor centers in 
n-GaAs. It has the characteristic of requir¬ 
ing a limited communication between holes 
in the valence band and shallow acceptors; 
thus the definition of a quasi-Fermi level for 
the valence band region is not possible if this 
region is taken to include the acceptor 
states. The model is presented with some 
reservations: clearly there is a discrepancy 
in the account given of self-absorption, 
and also the curve-fitting is not entirely 
unambiguous. Whether a modified approach, 
involving perhaps a more sophisticated model 
of band-tails and the communication between 
tail states, can give a better account of the 
system, remains to be seen. 
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Resume—On calcule les taux d’emissions spontanee et stimulee de diodes lasers au Ga Sb en adoptant 
le module de queues de bandes de E. O. Kane. On en dedui! les variations du gain avec 1’injection et du 
seuil d'6mission stimulee avec ia temperature. Les resultats theoriques sont compares aux mesures 
experimentales obtenues sur les diodes dont les concentrations en impuretes sont N* = 10'“ cm" 5 et 
N a = 10" 1 cm- 3 . 


1. INTRODUCTION 

Lorsqu’un semiconducteur contient une 
concentration d’impuretes suffisamment 
grande, les etats electroniques ainsi introduits 
peuvent former des queues de bandes. C’est 
en particulier le cas dans les lasers a jonction 
p-n, qui se pretent done relativement bien a 
1’etude des materiaux fortement dopes. 

Nous nous interesserons ici a des lasers a 
injection au Ga Sb; la jonction est obtenue par 
dopage alterne du bain au cours du tirage du 
monocristal par la methode de Czochralski; le 
bain est dope au tellure de fa^on a ce que le 
cristal contienne initialement une densite de 
donneurs de 1’ordre de N n = 10’ 8 cm -3 , on 
ajoute alors du zinc dans le creuset de fa<;on a 
obtenir une region de type p avec N A = 10 1# 
cm -3 . Ainsi dans la region du type p les bandes 
de conduction et de valence se prolongent par 
des queues de bandes, on etudie 1’emission 
dans cette region. Des Etudes de repartition 
d’energie a la surface de la diode et d’ouver- 
ture de faisceau lumineux nous ont permis 
d’apprecier a 40 n dans le plan de la jonction 
et 4,5 p. dans le plan perpendiculaire les 
dimensions du spot lumineux. D’autre part 
nos jonctions etant fabriquees par tirage la 
zone d’inversion est probablement inferieure 
a 1 fi\ ainsi nous supposerons que la region 


active se situe dans une zone ou le materiau 
est relativement homogene. 

2. CALCllL DES DENSITES D’ETATS ET DES 
taux d’emission spontanee et stimulee 

La theorie de remission stimulee dans les 
lasers a injection a ete developpee par Lasher 
et Stem[l]en adoptant un modele de bandes 
paraboliques. En fait les conditions de dopage 
sont telles que le modele de bandes para¬ 
boliques n’est pas satisfaisant, surtout a faible 
niveau d’injection et a basse temperature. La 
variation exponentielle de I’intensite du rayon- 
nement emis en fonction de I’energie de la 
raie [1-6] a suggere a certains auteurs la par¬ 
ticipation de queues de bandes dans lesquelles 
la densite d’etat varie exponentiellement avec 
l'energie[5], F. Stern, notamment, a repris les 
calculs des taux d’emissions spontanee et 
stimulee de diodes lasers a Ga As[7] en adop¬ 
tant le modele de queues de bandes de E. O. 
Kane [8]. En ce qui conceme les lasers a 
injection au Ga Sb, aucune theorie de ce genre 
n’a ete developpee, seuls Kryukova et ses 
collaborateurs[9] ont emis 1’hypothese de 
(’existence de queues de bandes exponen- 
tielles pour interpreter phdnomenologique- 
ment certains resultats experimentaux. Nous 
allons calculer les taux d’emission spontanee 
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etstimulee dans nos diodes suivant la methode queues de bande en utilisant le modele de 
d^veioppee par F. Stem dans le cas du Ga E. O. Kane, les parametres caracterisant ces 
As, en utilisant le modele de queues de bandes queues de bandes etant respeetivement fonc- 
de E O. Kane. Nous comparerons les varia- tion du nombre de donneurs (bande de con- 
tionstheoriques de certains parametres avec duction) et du nombre d'accepteurs (bande de 
les resultats experimentaux. valence), ainsi que de la difference N<-N p par 

Sous ne reviendrons pas sur les avantages I'intermediaire du nombre de porteurs libres 
et les inconvenients du modele de E. O. Kane qui jouent un role d’ecran vis-a-vis du 
d 0 nr |a discussion a ete developpee par F. potentiel coulombien de s impuretes. 

Stern. Toutefois il faut remarquer que ce Rappelons les expressions des taux d’emis- 
modele que a ete developpe dans le cas de sions spontanee et stimulee du coefficient 
materiaux non compenses prevoit I apparition d amplification [1]. 



de queues de densite d’etats a I’extremum de oil 
chacune des bandes. En fait dans un semi- 
conducteur ne contenant qu’un seul type 
d’impurete, des donneurs par exemple, les 
amas de centres ionises jouent un role attrac¬ 
ts pour les electrons mais repulsif pour les 
trous, de sortc que s'il apparait des etats lies 


pour les electrons, ce qui se traduit par I’exis- 
tence d une queue de densite d’etats au bas de 
la bande de conduction, il n’apparail pas 
d’etats semblables pour les trous, et par con¬ 
sequent pas de queue de densite d’etats au 
somrnet de la bande de valence. En ce qui 
concerne les materiaux compenses par contre 
il existe a la fois dans le semiconducteur des 
agglomerats attractifs pour les electrons et 
des agglomerats attractifs pour les trous ce qui 
entraine un effet de queue de densite d’etats 
sur chacune des bandes. Les etudes de C\ 
Benoit a la Guillaume et J, Cernogora[ 10] 
sur I evolution de ces queues de bande avec 
les concentrations d’impuretes N„-N^ ont 
effectivement montre (Fig. 5 ref. 10) (’exis¬ 
tence d’une seule queue de bande si le mate¬ 
rial! est tres peu compense et de deux queues 
de bande s’il y a compensation, meme 
partielle. 

En ce qui concerne nos echantillons que 
sont partiellement compenses nous cai- 
culerons les densites d’etats dans chacune des 


Dans le modele de bandes de Kane les 
densites d’etats p r et p,. sont donnees par: 

p r (E) = TT~ 2 ti~ K m r m (2r) c ) in Y (5a) 

P,.(E) = rr- 2 h-*m™(2 Vv) " 2 Y (5b) 

oil m c et m r sont les masses effectives des 
electrons et des trous et E c et Ej, les extrema 
des bandes non perturbees. 

EU) = tt~ 1/2 ( x -z) m e~**d Z (6) 

17 ,. et 7),. sont des parametres caracterisant la 
forme des queues de bandes donnes par: 


r)c=j(4nN l> L) 111 

(7a) 

Vr = ^(4TTN A L)' n 

(7b) 
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ou k est la constante didlectrique statique, N D 
et N a les densites de donneurs et d’accepteurs 
et L la longuer d’ecran. 

La longueur d’ecran est essentieliement 
fonction du nombre de porteurs et de Ja forme 
des bandes; quand le semiconducteur est 
degenere, elle est donnee [II] par I’expression: 


L~' 1 = 


4ire 2 


[Pc(F\) +Pr(F'„) ] (8) 


ou F' n et Fp representent les distances a la 
bande de conduction et a la bande de valence 
respectivement des pseudo-niveaux de Fermi 
des electrons et des trous, comptes positive- 
ment a 1’interieur des bandes. 

En ce qui concerne nos echantillons, N A — 
Ni, = 0,9.10 19 cm _a ; ainsi le nombre de trous 
est tres important et leur pseudo-niveau de 
Fermi se situe a I’interieur de la bande de 
valence proprement dite, en consequence 
p r (F'„) reste toujours tres superieur a p c (F'n) 
et on peut negliger la participation des elec¬ 
trons a 1’effet d’ecran devant cede des trous. 
L -2 s’ecrit alors: 


4ne 2 
—;—jr 


( 9 ) 


Les densites d’etats sont essentieliement 
fonction du parametre L par 1'intermediaire 
de t),. ou 7},., L etant lui-meme fonction des 
densites d’etats par I’equation (8). On devra 
done faire un calcul global de p r .p, .Tj r tj,. et L 
Principe de calcul 

Les densites de porteurs dans chaque bande 
sont donnees par les expressions: 


en d6duit separement k l’aide des expressions 

(7a) et (7 b), i) c et t) f . 

A partir de r)„ 1'expression (9) permet 
d’obtenir F' p et par suite p par (1 Ob). 

A partir de ij e on caieule a J’aide de liqua¬ 
tion (10a) les valeurs de n correspondant a 
une serie de valeurs de F'„. 

Pour determiner dans la serie des valeurs 
de n la valeur adequate et le F'„ correspon¬ 
dant. nous ecrivons la condition de neutralise 
electrique: 

p — n = Cte = N a — N/> 

Les calculs efFectues sur ordinateur IBM 
360, nous permettent ainsi de dresser en 
fonction de L le tableau des parametres t/,., 
Tf r , F'„ et F'„adifferentes temperatures. Nous 
avons pris dans le cas du Ga Sb: 

tn,. ~ 0,05 m m, = 0,5 m k= 15 n = 3,9 

Pour caracteriser le niveau d’injection nous 
utiliserons comme Stern[7], un courant nomi¬ 
nal defini de lafaqon suivante: 
le taux d’emission spontanee total R — B 
np[l] represente le nombre de photons 
emis par seconde par l’unite de volume du 
crista!. Si la zone active a une epaisseur d et 
si une fraction q des porteurs injectes donne 
naissance a des photons, il faudra, pour 
maintenir le taux de recombinaison R dans 
cette epaisseur, injecter R dj-q electrons 
par seconde, e’est-a-dire injecter un courant: 


J = R-e A.cnr 2 
V 


(ID 



Les parametres de depart sont N A et N,>. 
On choisit arbitrairement une valeur de L; on 


On definit le courant nominal J B comme le 
courant necessaire au maintien du taux de 
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recombinaison Remus' 1 sur une epaisseur 
de 1 p si te rendement interne est tj— 100%, 
suit: 

J 0 = l,6.10- 23 flnp (12) 

Le facteur de conversion permettant de 
passer du courant nominal au courant mesure 
depend de trois quantites: l’epaisseur de la 
zone active d , le rendement interne tj et un 
troisiime facteur F introduit phenomenologi- 
quement qui tient compte du fait que le cou¬ 
rant n’est pas peparti de fagon homogene sur 
toute la section de la diode. 



On calcule alors r„,(E) et r,,(E) pour divers 
niveaux d'injection. Si on prend comme 
origine des energies le bas de la bande de con¬ 
duction non perturbee, les expressions 
stcrivent: 


Les courbes representant r„(E) coupent l’axe 
des energies pour des valeurs de Fenergie 
telles que E = F n -F p \ pour des valeurs 
superieures, r, t (E) devient negatif: on retrouve 
la condition d’inversion de population de 
Bernard et Duraffourgf 12] F n — F p s hv 
La Fig. 2 represente les variations du gain 
Go (maximum de a(E )) en fonction du courant 
nominal. Ce courant etant directement propor- 
tionnel au courant traversant la diode, on 
obtiendra les variations du courant de seuil 
avec la temperature a partir du reseau de 
courbes precedent, en determinant les valeurs 
de J 0 necessaires au maintien d’un gain con¬ 
stant quand la temperature varie; il suffit pour 
cela de tracer sur la Fig. 2 une droite horizon- 
tale representant un gain constant. On obtient 
ainsi les courbes de variation du seuil avec la 
temperature de la Fig. 3. On constate que 
pour des temperatures superieures a 100°K le 
seuil varie sensiblement comme 7 s . 



Le choix des bornes d'integration -2rj r et 
E~E„+2i) r est justifie par la decroissance 
tr&s rapide de la densite d'etats dans les 
queues de bandes. 

Les taux d'emissions spontanee et stimulee 
qui traduisent la forme spectrale de la raie 
sont represents sur la Fig. 1. On remarque 
que r„(E) tend vers rJE) quand I’injection 
augmente et quand la temperature diminue. 


3. INTERPRETATION DES RESULT ATS 
EXPERIMENTAUX 

Les caracteristiques du rayonnement emis 
par nos diodes sont resumees sur les Figs. 4 et 
5. La Fig. 4, representant l’intensite de ce 
rayonnement en fonction de I’injection, 
montre que le courant de seuil de remission 
stimulee est de l’ordre de 1000 A cm” 2 . 
L’etude de 1’evolution du spectre avec Finjec- 
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4,2 "K ( 80 ‘K I 293 



Echalla vertical* : X 10** (cm' 1 '* a" 1 mav' 1 ) Echalla horlxontata : E - Eg (mav) 


Fig. 1. Spectres (Remissions spontanee et stimulee a 4,2°, 80° et 293°K pour difKrentes valeurs 

de I’injection. 


tion (Fig. 5) montre que la raie d’emission 
stimulde apparait pratiquement au milieu du 
spectre d’emission spontanee. On constate 
que l’energie de cette raie ne varie pas avec 


l’injection. Or les spectres de la figure 1 mon- 
trent que les taux d’emissions spontanee et 
stimulee se deplacent vers les grandes ener¬ 
gies quand l’iiyection augmente. Ces varia- 
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Fig 2. Variation du gain avec le courant nominal pour 
differenles temperatures. 



Fig. 3. Variation du courant dc seuil avec la temperature. 

tions d’energie directement liees aux de¬ 
placements des pseudo-niveaux de Fermi 
F'„ et peuvent etre attribues au seul 
remplissage de la bande de conduction, le 
pseudo-niveau de Fermi des trous variant 
tr6s peu avec I’iryection. En fait les calculs 
sont effectu^s en supposant une duree de vie 



Fig. 4. Intensite emise en fonetion de I’injection a 8()°K 
pour des diodes de differenles longueurs /, = distance 
entre les faces clivees. 


des porteurs injectes constante avec I’injec- 
tion. Ceci est justifie dans la mesure oil les 
recombinaisons presentes dans le semicon- 
ducteur sont spontanees; si ces recombinai¬ 
sons sont provoquees par des photons 
(emission stimulee) la duree de vie des por¬ 
teurs doit diminuer a mesure que le nombre de 
ces photons augmente, e’est-a-dire a mesure 
que 1’emission stimulee presente dans le semi- 
conducteur augmente. Ainsi, si 1’emission 
spontanee existe seule, la duree de vie des 
electrons est constante, 1’augmentation de 
1’injection se traduit par un deplacement vers 
les grandes energies du pseudo-niveau de 
Fermi des electrons thermalises et par suite de 
la raie d’emission. Quand 1’emission est 
stimulee, I’augmentation de 1’injection se tra¬ 
duit par une diminution de la duree de vie des 
porteurs, le pseudo-niveau de Fermi de ces 
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Fig. 5. Evolution du spectre demission avec le courant, Emission spontanee 
et Emission stimulfee. 
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porteurs reste fixe, il en est de meme de la raie 
d’emission. Les resultats experimentaux con- 
cemant les displacements des raies d’emis- 
sions sont represents sur la Fig. 6. La diode 
44-E-3 emet un rayonnement spontane dont 
le diplacement est observe jusqu’a un cou- 
rant de I’ordre de 2000 A cnr J qui correspond 
au courant de seuil de la diode; pour des cou- 
rants supirieurs la diode emet un rayonne¬ 
ment stimuli dont I’energie reste constante 


trois series de points experimentaux et les 
courbes theoriques representant en fonction 
de l’injection I’energie des maxima de r„(E) et 
r„(E) definis par les equations (13a) et (13b). 
Les courbes theoriques ont eti calculees en 
prenant rd/rj = 0,5 et £g = 756MeV. 
L’abaissement du gap de 44 meV, necessaire 
a raccord des resultats est du a la grande den- 
site d’impuretes qui entrainent, outre la forma¬ 
tion de queues de bandes, une diminution du 



Fig. 6. Diplacement des raies d’emissions spontanee et stimulie avec I’injection. 
□ = diode 44-E-3; O = diode 64-E-23; + = energie de la raie d'etnission stimulee de 
diffirentes diodes en fonction de leur courant de seuil. 


avec rejection. La diode 64-E-23 ayant un 
seuil d’emission stimulee beaucoup plus im¬ 
portant nous avons pu mesurer le deplacement 
de la raie d’emission spontanee jusqu’a un 
courant de l’ordre de 10 4 Acirr 2 ; au-dela la 
presence d’emission stimulee entraine une 
saturation du deplacement. D’une maniere 
g6n6rale nous avons constate que la raie 
d Emission stimulee ne se deplaqait pas avec 
1 injection; par contre I’energie de cette raie 
est d’autant plus importante que le courant de 
seuil de la diode est plus grand. 

Nous avons porte sur la fig. 6 les points (+) 
representant la position du pic d’emission 
stimulee d’une serie de diodes en fonction de 
leur courant de seuil. 

On constate un accord satisfaisant entre les 


gap [13], En ce qui conceme le parametre 
FcZ/t}, sa valeur peut etre comparee a celle 
obtenue par Lasher et Stern [1] dans le cas du 
Ga As et de bandes paraboliques Ydl-q = 0,6. 
Toutefois les inhomogeneites de courant vari¬ 
ant de faqon tout a fait aleatoire d’une diode 
a l’autre. le parametre Ydlri varie de meme, ce 
qui explique en particulier la dispersion des 
points experimentaux representant sur la 
Fig. 6 I’energie de la raie d’emission stimulee 
en fonction du courant de seuil. 

Outre le deplacement des raies d’emission 
avec I’injection, I’intensite du rayonnement est 
directement H6e aux fonctions densits 
d’etats. Les resultats que nous avons obtenus 
dans ce sens sont repr6sent6s sur la Fig. 7. Le 
changement de pente qui apparait a un courant 
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Fig. 7. Intensity du rayonnement enfonction du courant. 

determine, different d’une diode a l’autre, 
traduit I’apparition d’emission stimulee. 

Ainsi pour accorder la theorie avec nos 
resultats exp6rimentaux, il faut prendre J 0 = 
2 J. Le courant de seuil sur l’ensemble de nos 
diodes est de I’ordre de 1000 A cm -2 ce qui 
correspond a un courant nominal de 1’ordre de 


2000 A cm -2 . Si on se r^fere aux courbes de la 
Fig. 8 representant le deplacement du pseudo- 
niveau de Fermi des electrons avec l’injec- 
tion, on constate que ce courant de seuil cor¬ 
respond sensiblemept au moment oil le 
pseudo-niveau de Fermi des Electrons atteint 
le bas de la bande de conduction proprement 
dite. Ceci est en accord avec les rdsultats que 
nous avons obtenus dans 1'etude du d6place- 
ment de la raie demission stimulee avec le 
champ magn6tique[14]. En se rapportant aux 
courbes de la Fig. 2 on peut remarquer qu’un 
courant nominal de 2000 A cm" 2 correspond a 
un coefficient d’amplification de l’ordre de 
500 cm -1 . Si 1’on suppose que la principale 
cause d’absorption est la presence de por- 
teurs libres, on obtient pour les trous, qui sont 
nettement majoritaires une section efficace de 
capture o-„ ~ 0,5 10' 18 cm 2 en accord avec la 
valeur cit6e par Duraffourg[15]. 

Enfin les fonctions densit£s d’etats deter- 
minent la valeur du coefficient d’amplification 
a une temperature donnee, ainsi elles sont 
directement liees au seuil demission stimulee. 
Les courbes ex p6rimen tales de variation du 
seuil en fonction de la temperature (Fig. 9) 
presentent, au-dela de 100°K, une pente de 
variation en T 3 en accord avec la theorie. 
Toutefois rappelons que le seuil d’emission 



Fig. 8. Evolution des pseudo-niveaux de Fermi des ilectrons et des trous avec 

i’iiyection. 








76 


H. MATHIEU 



Fig. 9. Variation dti courant dc seuil avec la temperature, 
restlllals expei tmentaux. 

Mimulee de nos diodes correspond au moment 
oil le pseudo-niveau de Fermi des electrons 
alteint le has de la bandc de conduction prop- 
rement dite. Ainsi la variation en T' est due a 
la partie quasi-parabolique de la bande de con¬ 
duction ce qui ne permet pas de dislinguer de 
fat;on notable des variations de seuil diffe- 
rentes suivant quo la structure de bande est 
parabolique [ I ] ou exponentielle. 

CONCLUSION 

Nous avons calcule les taux demissions 
spontanee et stimulee de diodes lasers au Ga 
Sb en adoptant le modele de queues de bandes 
de E. O. Kane. Les resultats experimentaux 


que nous avons obtenus sur I’etude de I’inten- 
site et du spectre de la raie d'emission et sur 
1’evolution avec la temperature du seuil 
d'emission stimulee presentent un accord 
satisfaisant avec les courbes theoriques. Ainsi 
dans les conditions de dopage qui sont celles 
de nos diodes, nous pensons que le modele 
de E. O. Kane constitue une representation 
satisfaisante des densites d'etats dans les 
queues de bandes. 
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Abstract—The existence of a new type of long period superlattice having hexagonal symmetry, whose 
period is determined by the critical contact of the Brillouin zone boundaries with the Fermi surface, 
has been established. The ordering of the atoms on the close packed hexagonal plane of these struc¬ 
tures is derived from that of the A 3 B type (Cu a Au type) structure, but the long period is produced in 
the basal plane by the existence of antiphase boundaries in three directions perpendicular to the 
close packed plane and making 120° with each other, thus creating the hexagonal symmetry. The 
stacking of the close packed layers is of either the 2 H or 4H type. The size of this hexagonal unit cell 
is found to be between seven and nine times as large as that of the hexagonal unit cell of the dis¬ 
ordered close packed lattice, these limiting cases being called the 7u„ structure and the 9o„ structure 
respectively. Significantly, the period of this structure is found to respond to a change of e/a in a 
fashion similar to that found in the one dimensional long period superlattice, which has been investi¬ 
gated in detail. In the case of the Au-Cd alloys the stacking is of the 2 H type and the 7«„ structure is 
identified as Au, 2 Cd 2B with space group Pfijmmc, and the 9 a„ structure as Au 42 Cd 12 with P6 ;l /mcm. 
The geometry of the Brillouin zone structure indicates that the structure is stabilized by creating 
superlattice Brillouin zone boundaries at the flat part of the Fermi surface (in the (110) directions in 
the case of the fee structure), as in the case of the one dimensional long period superlattice. Examples 
of these new structures are found, other than in the Au-Cd alloys reported here, in Au-Mg alloys. 
Cu-Sb alloys, etc. near the A,B composition range. These structures are usually found among the 
long period stacking variants of a one dimensional long period superlattice with non variable period 
(M = 1, M — 2, etc.), occurring in these alloys. 


INTRODUCTION 

It has recently been recognized that various 
types of long period structures exist in alloys, 
particularly in those having basically close 
packed structures. Intensive studies into the 
nature of long range forces which are respon¬ 
sible for stabilizing such long period structures 
indicate the essential role of the conduction 
electrons in the cohesion of metals in deter¬ 
mining the crystal structure [1.2]. In order to 
reduce their energy, conduction electrons tend 
to create Brillouin zone boundaries at the 
Fermi surface by creating extra periodicities 
in a crystal, for example by appropriate atomic 
order. The energy required to create such 
extra periodicities, on the other hand, then 


*Present address'. Sensors, Inc.. Ann Arbor, Mich. 


opposes the energy gained by the conduction 
electrons. Hence, a compromise among these 
energy terms essentially leads to a specific 
type of extra periodicities created in the crys¬ 
tal, or a specific type of long period structure 
is stabilized. Therefore, a systematic study of 
the nature of the energy terms involved in 
creating such periodicities should give us an 
enlightening insight into the nature of the 
stabilization of metallic structures in general. 

Considerable progress has been made in 
this direction starting from the one dimen¬ 
sional long period superlattices (ID LPS), 
where the superperiod of these alloys is found 
to be determined by a critical contact of the 
Brillouin zone boundaries with the Fermi 
surface, and hence, the period of the structure 
can be readily obtained from the size of the 
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Fermi surface (or the electron-atom ratio 
(eta) of the system)[3-6]. The fact that the 
stabilization occurs at the critical contact of 
the Brillouin zone boundaries with the Fermi 
surface is due to the flatness of the Fermi 
surface in the (110) directions where the 
newly created Brillouin zone boundaries 
contact, so that a sharp minimum in energy is 
expected[5,7]. This concept was extended to 
the short period limit, M = 1 or M - 2, for 
example, (M being the half period of the 
structure in terms of the number of fee unit 
cells), where the period can no longer respond 
to the change in the size of the Fermi surface. 
In such a case, it was found that the alloy 
tends to either be distorted tetragonal!y[8] 
or create a stacking order modulation [9] 
without changing its basic structure, so that 
the Brillouin zone boundaries are kept at the 
Fermi surface. In this way, the stability of 
the series of stacking variants which appear 
in the Au-Mn alloys with the AT — 1 structure 
[9], in the Au-Mg alloys near Au 3 Mg[10] and 
in the Au-Cd alloys near Au 3 Cd[l 1, 12] both 
with the M — 2 structures, has been explained. 

However, as is easily visualized, the posi¬ 
tion of the contact of the Brillouin zone 
boundaries with the Fermi surface tends to 
deviate more and more from the {110) direc¬ 
tions as the period M becomes smaller and as 
the stacking order modulation is created, and 
the advantage of the critical contact described 
above tends to be lost, although a part of this 
loss may be compensated by the distortion 
of the Fermi surface due to the change in the 
symmetry of the crystal. However, if this 
disadvantage increases too much, the crystal 
can no longer tolerate the stacking modula¬ 
tion and would eventually change into an 
other type of structure. 

While the stacking variants in the Au-Mg 
alloys were investigated, Sato et al. found the 
existence of a long period structure of hexa¬ 
gonal symmetry among the existing stacking 
variants [10] and the structure has- subse¬ 
quently been identified as Au 77 Mg 23 [13], A 
similar structure which apparently belongs to 


the same family of structures was also found 
i„ Au-Cd alloys by Toth et a/.[14] and, inde¬ 
pendently, by Hirabayashi et al. among the 
stacking variants of this alloy system [12]. 
This situation has led us to believe that a 
family of long period structures of hexagonal 
symmetry is stabilized by a similar mechanism 
to that of other long period structures and that 
this type of structure must be stabilized by a 
critical contact of the Brillouin zone boundar¬ 
ies with the Fermi surface. On this assump¬ 
tion, a joint effort of the above mentioned two 
groups has been made to investigate this 
structure in the Au-Cd alloys and it was 
found that the period of the structure 
responded to the change in the size of 
the Fermi surface in the same fashion as 
that found in the ID LPS. In the following, we 
will give fairly detailed explanations of the 
structural determination and of the character¬ 
istics of the alloys, and will give discussions 
dealing with the stability aspects of this 
structure in relation to other long period struc¬ 
tures. The emphasis is to make the under¬ 
standing of the stabilization of this structure a 
further step toward the understanding of more 
general crystal structures. 

EXPERIMENTAL PROCEDURES AND RESULTS 

It has been established in the previous work 
on the Au-Cd alloy system, th^t stacking 
variants of the M — 2 structure exist m the 
composition range around 25 — 30 per cen 1 
Cd,* with modulations l/?-4W-6//-3/?t occur 
ring with increasing Cd contents[ll, 12]. Oi 
the other hand, above 45 per cent Cd, marten 
sites, most of which are stacking variants of 
CuAu ordered structure, are formed whe 


"Atomic per cent is used exclusively in the following. 
fThe characteristics of the stacking of close packi 
structures can be specified by L which corresponds to tl 
period of the structure with a long period stacking ord 
and by H or R which specifies the symmetry of stacki 
[9]. The actual number of close packed layers included 
a unit cell of hexaorthorhombic symmetry is L in the ce 
of H symmetry but 3 L in the case of R symmetry! 
Although Hirabayashi et al. have been using L' = 
in the case of R symmetry [11,12), we adopt L here 
stead of L' according to the usage of Sato et al. [9J. 
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Fig. 1. Electron diffraction patterns corresponding to the basal plane ((00-1) 
plane). (A) 7a„ Structure. (B) 9o 0 Structure. 
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Fig. 3. Diffraction patterns of the 7a n structure representing sections of 
reciprocal space normal to the basal plane containing the oaxis. A pattern 
indicating the (IFI) rel. plane is added. Important spots are indexed in terms 
of the original hexagonal cell (A) (10-0) (B) (11 0), (C) (IM). 
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rapidly cooled from the /3,-phase of this alloy 
system [14]. The hexagonal structure in ques¬ 
tion was found to appear mostly in the com¬ 
position range between these limiting composi¬ 
tions. Our concern here is the description of 
this long period structure of hexagonal sym¬ 
metry which appears in this composition range. 
In the joint effort to investigate this structure, 
the main effort of Hirabayashi et al. was limi¬ 
ted to the lower Cd composition range up to 
35 per cent Cd, whereas the effort of Sato et 
al. was mainly in the high Cd composition 
range and in the ternary Au-Cd-In alloys in 
the composition range of AuafCd^In*). 

The methods of preparation of required 
specimens are also different for these two 
groups. Hirabayashi et al. prepared the de¬ 
sired specimens by annealing appropriate 
amounts of gold foil and cadmium chips to¬ 
gether, except for those for X-ray powder 
patterns which will be described later, while 
Sato et al. prepared the specimens by melting 
Au and Cd together in an atmosphere of 
argon by a high frequency furnace. Both 
methods give satisfactory results and the 
results between the two groups agree satis¬ 
factorily where the composition ranges over¬ 
lap. The details of the preparation of the 
specimens and the experimental methods 
adopted are adequately described in previous 
papers [12,14]. However, the experimental 
results and the structural analysis presented 
here are based mostly on the work of 
Hirabayashi et al. supplimented by data 
obtained by Sato et al. 

Here, many specimens containing various 
compositions between 28 and 35 per cent Cd 
and properly heat treated* were investigated 
by both electron diffraction and electron 
microscopy as well as X-ray diffraction 
methods. A Guinier-de Wolff camera was 
utilized to take X-ray powder patterns using 
monochromatic Cu K* radiation. 

There exist two distinct structures which 

•After being homogenized, the specimens were slowly 
Toled from 450*’C to room temperature at an approxi¬ 
mate rate of 90 degrees a day. 


belong to the same family of the structure. 
Electron diffraction patterns of these two 
structures which correspond to the basal 
rel. plane ((00-1) in the hexagonal notation) 
are shown in Fig. 1. The diffraction patterns 
of these two structures are extremely similar 
and are characterized by the existence of 
superlattice spots. The relation of the recip¬ 
rocal lattice of this superstructure to that of 
the standard superstructure in this composi¬ 
tion range, Cu 3 Au type, is shown in Fig. 2. 
The main characteristic is a splitting of the 
{110} (cubic notation) type superlattice spots 
shown in Fig. 2 by small hollow circles, in 
one of the (110) directions, indicating that 
new periodicities in atomic ordering are 
created in the basal plane in three symmetric 
directions, thus creating again a hexagonal 
symmetry. The characteristic difference in 
the diffraction patterns of Fig. 1A and IB 
is simply a difference in the amount of split¬ 
ting, such that in Fig. 1A, the reciprocal unit 
cell period is a 0 */7 while in Fig. IB, the recip¬ 
rocal unit cell period corresponds to a 0 *l 9, 
where a 0 * is the reciprocal lattice constant 
for the fundamental hexagonal cell, marked 



Fig. 2. The projection of reciprocal lattice lines on the 
basal plane of the reciprocal hexagonal lattice for hexag¬ 
onal long period superlattice (•). Cu,Au type (o) and 
fundamental (disordered) structure (O). 
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quently, these two distinct structures will 
hereafter be referred to as the 7a„ and 9 a 0 
structure respectively. 

The la» structure can easily be observed in 
specimens having compositions between 29 
and 35 per cent Cd[12J. This structure was 
also found in a specimen with 45 per cent Cd 
as a mixture with other structures and had 
been referred to as the a 2 « structure[14]. On 
the other hand, the 9 a 0 structure is rather rare¬ 
ly detected. This has been found to exist either 
in the composition range between 27 and 30 
per cent Cd but always in coexistence with 
the "SR stacking variant of the M — 2 ordered 
structure or in specimens having initially the 
7«n structure which are later heated in the 
electron microscope to reduce the Cd con¬ 
tent. This indicates that the stability of the 
9 a u structure is close to that of the 3 R stack¬ 
ing variant in this composition range. An 
equilibrium phase diagram in this composition 
range is now being investigated in detail. A 
similar structure with a unit cell size of 9a„ 
has also been found in the Au-Mg alloys 
under similar condition! 10, 131. In the com¬ 
position range between 7«„ and 9a„ there 
appear similar structures whose periods were 
found to change with a change of the composi¬ 
tion and to assume non integral values. Thus, 
the situation seems to be very similar to the 
case of the ID LPS. In other words, it appears 
that we are dealing with the case of the stabil¬ 
ization of a long period structure with much 
the same origin as that of a ID LPS which has 
been investigated in detail[3,4,5], However, 
before we discuss the stability of these struc¬ 
tures, it is necessary to analyse the structure 
itself. For this, it seems sufficient to deal with 
the la„ and 9 a„ structure only since the 
structures with periods in between can be in¬ 
terpreted as appropriate mixtures of these two 
structures in a coherent region, as in the case 
of the ID LPS. 

STRUCTURAL ANALYSIS 
(A) 7a« Structure 

A diffraction pattern corresponding to the 


basal plane (Fig. 1A) and a schematic inter¬ 
pretation of the splitting of the superlattice 
reflections in this plane, utilizing hexagonal 
coordinates (Fig. 2), have already been dis¬ 
cussed. The diffraction patterns which include 
the c-axis (such as shown in Fig. 3A) indicate 
that the stacking of the close packed layers is 
of the 2 H type. This indicates that the struc¬ 
ture itself has hexagonal symmetry and that 
hexagonal indexing is more appropriate. The 
reciprocal lattice of this structure can then be 
constructed qualitatively from the knowledge 
of the basal plane. Several reciprocal planes 
such as (10-0), (110) and (11 • 1) were exam¬ 
ined by selecting appropriately oriented crys¬ 
tal grains with the aid of a tilting device and 
the diffraction patterns are shown in Fig. 3. 
All these patterns agree with the constructed 
reciprocal lattice. The diffraction spots can 
be indexed in terms of hexagonal coordinates 
utilizing the lattice constants a = la„ and 
c — £„. Consequently this structure seems to 
be identical with that of the phase designated 
as a -20 found earlier at higher Cd content [14] 
(refer to Fig. 13 of [14]). The space group of 
this structure is then given as P6 3 /mmc (No. 
194), as deduced from the symmetry as well 
as from the observed extinction rule that no 
reflections appear for H — K = 3n and L = 
In' ± I, where n and n' are integers ( H = 7h, 
K = lk and L = l)*. 

The unit cell containing 98 atoms and their 
positions are then determined by comparing 
the observed patterns with the calculated 
structure factors. The basic model is deduced 
from the following considerations: 

1. All atoms are on the ideal positions of the 

hexagonal close packed lattice. No refine¬ 
ments are attempted. 

2. Equivalent atomic positions are occupied 

by the same kind of atoms. 

*h, k, and I are indices in terms of the fundamental cell 
and H. K and L are indices in terms of the super cell. 
Although H' s are to be used for indexing, h'% are used 
mostly in the text since we are dealing with structures 
with different periods and, therefore, these will indicate 
more visually the relation of the superlattice spots with 
the original fundamental cell. 
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3. The intensity of the split spots, (H • 0) and 
(f f • 0) are made maximum while those of 
all other superlattice spots are made weak 
under the condition that the composition of 
alloys is kept close to Au 3 Cd. 

The atomic distribution of such an ideal struc¬ 
ture which satisfies the above conditions is 
shown in Fig. 4A for the two close packed 
planes included in the unit cell. Note that the 
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Fig. 4 (A). Atomic arrangement in the two close 
packed planes of the 7n (1 structure. Open and full 
circles correspond to gold and cadmium atoms, 
respectively. Cross hatched circles indicate the 
6 h‘ sites where excess Cd atoms replace Au atoms. 


resulting structure is such that no Cd atoms 
are in nearest neighbouring positions as in 
the case of the Cu ;) Au structure. This unit 
cell contains 26 Cd atoms and 72 Au atoms, 
which corresponds to a composition of 26-5 per 
cent Cd. The classification of the lattice sites 
and the occupations of these sites by Au and 
Cd atoms respectively are given in Table I, and 
is regarded as the basic model. The structure is 
essentially an antiphase modulation in three 
directions of the 2 H version of the Cu 3 Au 
type ordered structure (or Ni 3 Sn type, DO, # ) 
as is more clearly visualized in Fig. 4B. 


Fig. 4 (B). Basal plane of the hexagonal long period 
superlattice, the 7 u„ structure, indicating the atomic 
positions in the two layer structure. The unit cell 
of the structure is outlined by heavy lines. Broken 
lines indicate the antiphase boundaries, and the 
arrows indicate the long lattice period created by 
the antiphase boundaries. 


An attempt was made to interpret the dif¬ 
fraction data in terms of other models which 
belong to space groups P3ml (No. 156), 
P6 ;( /m (No. 176) and P62c (No. 190), but the 
present model appears to give the best agree¬ 
ment with data. 

The composition where the 7 a„ structure 
is observed is, however, not at the ideal 
composition of 26-5 per cent Cd, but in the 
higher composition range of 29 — 35 per cent 
Cd. Then the excess Cd atoms should be dis¬ 
tributed over the Au sites. A reasonable as¬ 
sumption would be to distribute the excess Cd 
atoms on the Au sites randomly. The relative 
intensity among the superlattice spots for this 
case for any composition would be the same 
as that of the ideal composition, and its geo¬ 
metrical structure factors are calculated in 
Table 2 under Model 1. The composition of 
the alloy taken here is Au #4 Cd 34 in order to 




Table 2. Calculated geometrical structure factors of the 7a« structure. The italicised numbers indicate 
those whose disagreement with observed intensities is large 
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compare to that shown as Model 2. The result 
of such a calculation shows that the super¬ 
lattice spots split and that higher order split 
spots exist, and that only a pair of the split 
spots for each superlattice spot of the Cu : ,Au 
type, such as • 0) and (II 0), have high 
intensities, agreeing with observation. How¬ 
ever, the intensity distribution of superlattice 
spots other than these pairs of split spots 
still seems to be too strong. In order to bring 
the intensity distribution closer to that of 
observation, it is necessary to assume a pre¬ 
ferential distribution of Cd atoms on selected 
Au sites. In other words, the effect of addi¬ 
tional Cd atoms seems to make the intensities 
of particular pairs of split spots stronger, 
while reducing the intensity of other spots. 
Many possible models including those whose 
atomic distribution range from Cu.,Au type 
to that of CuAu type ordering have been 
examined. However, the best model among 
those examined which brings on this effect 
is cited in Table 1 as Model 2. Referring to 
Table I, only twelve of the 6 h sites with 
parameters jv =- 4/21 and x~ 10/21 are sub¬ 
stituted by excess Cd atoms in this model. 
These sites are marked with cross-hatched 
circles in Fig. 4A and will be designated as 
Thus eight cadmium atoms and four gold 
atoms arc thought to be distributed statisti¬ 
cally on the (tli' sites, giving a composition of 
34-7 per cent Cd. As is seen in Fig. 4B, such 
excess Cd atoms tend to distribute in the anti¬ 
phase boundaries. The structure factors for 
this model are calculated in Table 2 under 
Model 2, and it can thus be seen that it gives 
better agreement with observation than 
Model I. The approximate intensity distribu¬ 
tion in the reciprocal lattice (based on this 
model) is shown in Fig. 5. Since multiple dif¬ 
fraction effects seem to contribute so much to 
the observed intensities in electron diffraction, 
a quantitative comparison could not be made. 
The model chosen, therefore, remains ten¬ 
tative in this sense. The atomic distribution 
and the intensity distribution for other models 
in the excess Cd case (Model 3-Model 8) are 


also tabulated in Tables 1 and 2 for compari¬ 
son and for possible identification of a better 
model (if any) when more reliable measure¬ 
ments of the intensity distribution in the 
reciprocal lattice by X-rays are obtained. 

By taking the two split spots, (3/7 3/7 0) 
and (4/7 4/7-0), for example, into the objective 
aperture of the electron microscope, we 
should be able to observe a particular set of 
the antiphase boundaries which modulate 
the crystal. In Fig. 6, stripes having a width 
of about 10A = (7«„)/2 corresponding to such 
antiphase boundaries (refer to Fig. 4B) are 
shown. The specimen used had a composition 
of 35 per cent Cd, and was electrothinned 
from the bulk using a cyanide solution. 

(B) 9a,, Structure 

Using the same procedure as in the case of 
the 7«„ structure, this structure can be de¬ 
scribed by a hexagonal cell with a = 9n„ and 
(=c„. However, the unit cell can be reduced 
to a smaller hexagonal cell with the lattice 
constants a — 3\/3and c ~ c„ as is shown in 
Fig. 7, based on the systematic absence of 
reflections with H'-K' = 'in±\ where H' 
and K' are the indices for this cell.* Thus 
the space group for this structure would be 
P6.,/mcm (No. 193) and 54 atoms are included 
in a unit cell. The atomic arrangement in the 
unit cell was derived utilizing the same condi¬ 
tions as those in the case of the 7 a„ structure, 
and is shown in Fig. 7. The atomic sites and 
their distribution are given in Table 3. The 
unit cell of the basic model contains 12 cad¬ 
mium atoms and 42 gold atoms which corres¬ 
ponds to a composition of 22-2 per cent Cd. 
This is again well below the composition 
range where the 9 o„ structure is observed. 
The geometrical structure factors are calcu¬ 
lated from this model and are compared with 


‘The relation between As and H 's can be seen in Fig. 8 
and Table 4. As will generally be used because these will 
indicate more visually the relation of the superlattice 
spots with the original fundamental cell. 





Fig. 6. Dark field micrograph indicating the direct resolution of a s 
boundaries of the 7a,, structure. The distance between stripes i 

(35 per cent Cd). 
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Fig. 9. X-ray powder patterns with variable periods showing the coexistence of the 7« ( > structure and the 
iR stacking variant of the M = 2 structure. A, B. C and D correspond to alloys with 27-5, 28-7, 29-9 and 

32-2 per cent Cd respectively. 
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Fig 5. Schematic intensity distribution in the two basal planes of the 
reciprocal lattice of the lu„ structure based on calculation. Open and 
full circles are fundamental and superlattice spots, respectively. 


the observed intensity in Table 4. Again, the 
intensities of spots other than particular pairs 
of split superlattice spots are stronger than 
those observed experimentally and therefore 
Model I for excess Cd atoms, where a random 
distribution of excess Cd atoms on all Au sites 
is assumed, will not fit the data. In Model 2 
on the other hand, four cadmium atoms and 
eight gold atoms are assumed to occupy statis¬ 
tically twelve lattice sites 12/ which are 
particular sites of 12 j with x = 2/9 and y = 5/9. 
As can be seen in Table 4, Model 2 gives 


better agreement with observation than Model 
1. An approximate intensity distribution in 
the reciprocal lattice based on this calcula¬ 
tion is shown in Fig. 8. The distribution of 
such excess Cd atoms is shown in Fig. 7. 
Again, a segregation of such excess atoms into 
particular locations of low bond energy is 
seen, as in the case of the 7a,, structure. The 
atomic distribution and the intensity distri¬ 
bution for other models with excess Cd 
(Model 3-Model 8) are also included inTables 
3 and 4. 
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big. 7 (A) Atomic arrangement in the two close 
packed planes of the do,, structure. Open and full 
circles correspond to An and C'd atoms, respectively 
C ross hatched circles indicate the 12/ sites where 
excess ( d atoms replace An atoms. 



Fig. 7 (B). Basal plane of the hexagonal long period 
superlatticc. the 9 u„ structure, indicating the atomic 
positions in the two layer structure. The unit cell of 
the structure is outlined by heavy lines. Broken lines 
indicate the antiphase boundaries. 


The proposed arrangement of atoms for 
the 9 a„ structure is very closely related to that 
of Au 77 Mg 23 which has recently been identi¬ 
fied by Burkhardt et al. [13]. The only dif¬ 
ference between the two is in the stacking of 
the layers, which was found to be of the 4 H 
type for Au-Mg rather than the 2 H type as 
for Au-Cd, so that the unit cell there is given 
as a~ 9 a n and c — 2c„. The close packed 
layers determined for this structuref 13] are 
equivalent to that of the 9 a„ structure in the 
Au-Cd alloys except for one, and in fact, a 
structure with 2 H stacking has since been 
found rather frequently in the Au-Mg alloys 
[15]. Thus, the 2 H version of Au 77 Mg 23 would 
be identical with the 9a„ structure here. 

The Fourier synthesis of two split super¬ 
lattice spots of this structure in the electron 
microscope gives a stripe pattern which in¬ 
dicates a particular set of antiphase boun¬ 
daries. Since a direct resolution of the 
antiphase boundaries of the 9a„ structure in 
the Au-Mg alloys has already been given 
[10] and is similar to that of the 7 a„ structure 
(Fig. 6) except for their width, the picture is 
not reproduced here. Basal planes of these 
two structures, indicating the atomic position 
in the two layers along with the unit cells and 
antiphase boundaries are shown in Fig. 7B. 

(C) Intermediate structures 

As was indicated before, the apparent 
period of the structures is not fixed, but 
changes with composition. The period can be 
measured from the separation of the pair 
of split superlattice spots in the electron 
diffraction pattern. In addition, a series of 
X-ray powder patterns are shown in Fig. 9 
for alloys in the composition range between 
27-5 and 32-2 per cent Cd. Specimens for 
the powder X-ray method were obtained from 
filings from solid ingots prepared inside evacu¬ 
ated quartz capsules. The patterns of the alloys 
with the lowest and the highest cadmium con¬ 
tent are interpreted as being of the 3 R and the 
7 a„ structures, respectively, while the patterns 
for alloys with intermediate compositions 
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Fig. 8. Schematic intensity distribution in the two basal planes of re¬ 
ciprocal lattice of the 9u 0 structure based on calculation. Open and 
full circles are fundamental and superlattice spots, respectively. 


show the coexistence of both structures. At 
the same time, however, one can notice that 
the separation between the lines {1/2 1/2-0}~ 
and {1/2 l/2-0} + of the pattern corresponding 
to the 7a„ structure, which corresponds to the 
amount of the splitting of superlattice spots 
(refer to Fig. 2), varies with the cadmium con¬ 
tent in these alloys. The period M (in terms of 
a n ) of this structure is thus defined in the same 
way as in the case of the ID LPS as the amount 
of splitting x = l/(Ma«) (refer to Fig. 11) and 
the value of M as determined by X-ray pow¬ 


der patterns and electron diffraction patterns 
is thus plotted as a function of the valence 
electron concentration in Fig. 10. The fact 
that M generally takes non integral values 
and that it changes with el a in a regular fashion 
indicates a close similarity to the case of the 
ID LPS. Sharp diffraction maxima appear at 
the fractional sites in the reciprocal lattice, as 
in the case of the ID LPS. Therefore, it seems 
safe to assume that domains of different 
periods, most probably those of the la„ struc¬ 
ture and 9a„ structure, are mixed in a coherent 
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Fig. 10. Period M of the 7a„ structure plotted against the 
valence electron concentration ela. Open and full circles 
are results obtained from electron and X-ray diffraction 
patterns, respectively. The line through the data spots 
is the theoretical curve for / = 0 946. 



Fig. 11. Cross section of the reciprocal lattice parallel 
to the basal plane showing split superlattice Brillouin 
zone boundaries ({ICO} 1 , thick full lines) and the in¬ 
scribed Fermi sphere (to the outer boundaries), The 
original {}! 0) superlattice Brillouin zone boundaries 
are shown by broken lines. 

region in a homogeneous manner[3,5, 16], 
Since a mixture of hexagons of different sizes 
cannot fill up the plane homogeneously, dis¬ 
torted hexagons with different side lengths 
should also mix properly in such a case and 
such mixtures may affect the distribution of 
excess Cd atoms. The exact manner of mixing 
of these domains, however, was not examined 
in detail here. 

Lattice constants of the 7 a a structure in 
this composition range were also measured 
by the powder method. The camera radius 


used was 116 mm and the measurements were 
made utilizing an asymmetric film mounting to 
eliminate the uncertainty of the film radius. 
The lattice constants were thus obtained util¬ 
izing the Nelson-Riley extrapolation method. 
The results are shown in Fig. 12. The values 
of the lattice constants are sensitive to the 
heat treatment and c 0 , and hence cja 0 , de¬ 
creases by disordering (as shown by filled 
circles) compared to those of the ordered 
state obtained by annealing for 12 hr at 200 ~ 
300°C (~ 50° below the transition points) [12]. 
Although both c 0 and a 0 increase linearly with 
Cd content, cja„ is kept almost constant, 
= 1651 ±0 001, in this composition range. 
Lattice constant measurements in this alloy 
system have also been made by Wegst and 
Schubert [17]. The alloy which corresponded 
to the 7^ structure included 32-5 per cent Cd 
and was designated as A3U by them. Their 
data is shown in Fig. 12 by triangles and 
agrees very well with the present data. On the 



Fig. 12. Composition dependence of the lattice con¬ 
stant and the axial ratios of the 7« 0 structure. The 
lattice constants are given in terms of the original hex¬ 
agonal cell, a 0 and c„. Values corresponding to a dis¬ 
ordered hexagonal state are also added. Open circles, the 
ordered state (the 7a 0 structure); triangles, also the 
ordered state (data by Wegst and Schubert[I7]); filled 
circles, the disordered state. 
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other hand, Massalski[18] presented data 
which apparently correspond to the disor¬ 
dered state. Here, cja 0 has also been found 
to be almost constant in this composition 
range. 

DISCUSSION 

It has now been established that long period 
structures with hexagonal symmetry exist in 
the Au-Cd alloys in the composition range of 
28-35 per cent Cd and coexist with stacking 
variants, especially the 3 R variant, of the 
M = 2 structure. The two distinct structures 
with definite periods, the 7 a 0 structure at 
higher Cd compositions and the 9a a structure 
at lower Cd compositions, have been identi¬ 
fied. They belong to the space groups P6J 
mmc and P6 3 /mcm and their basic composi¬ 
tions correspond to Au 72 Cd 26 and Au 42 Cdi 2 
respectively. The basic compositions given 
above are, however, found to be substantially 
lower than the composition range where these 
structures appear. The excess Cd atoms were 
found to distribute preferentially on specific 
Au sites of the basic model, which corres¬ 
ponds to the distribution of excess Cd atoms 
in the antiphase domain boundaries, in a way 
to increase the intensities of specific pairs of 
split superlattice spots while reducing those 
of other superlattice spots. Moreover, the 
period M of the structure defined in terms of 
a„ is found to vary between 9 and 7 with com¬ 
position and hence with the electron-atom 
ratio of the system. The appearance of a non¬ 
integral value of M is presumably due to a 
mixture of domains of structures of different 
periods. 

The mechanism of the stabilization of such 
long period structures should be closely re¬ 
lated to the stabilization of other long period 
structures for the reasons discussed in the 
Introduction. In the first place they have long 
periods in a basically closed packed lattice 
and coexist with the stacking variants of the 
M = 2 structure, which are typical long period 
structures. The stability of these structures 
therefore is in close competition with the 


structures with long period stacking order. 
Secondly, they exist over a wide composition 
range which does not particularly corres¬ 
pond to the stoichiometric compositions char¬ 
acterized by the structure, and, more 
importantly, the period was found to change 
in this composition range as a function of el a. 
Thirdly, similar structures exist under similar 
conditions in other alloy systems, such as the 
Au-Mg alloys. This indicates that this type of 
structure is not determined by a particular 
combination of metallic elements but is a 
common characteristic of solid solutions. All 
these characteristics are common to the 
known long period structures which have 
been investigated in detail. 

If the above concept is true, the relation 
between the superperiod of the structure and 
the electron-atom ratio, as shown in Fig. 10, 
should be explained, as in the case of the ID 
LPS, in terms of the size of the Fermi surface. 
From the value of the e/a of the alloys, the 
newly created Brillouin zone boundaries at 
the Fermi surface due to the antiphase boun¬ 
dary modulation must be one of the pair of 
split {110} superlattice Brillouin zone boun¬ 
daries (cubic notation). In Fig. 11, such a 
situation is illustrated. Here, on the basal 
plane, the {1/2 1/2 0} spots correspond to 
the cubic {110} spots and these spots split 
into two along the direction of lines which 
connect these spots to the origin. Then the 
two split {110} Brillouin zone boundaries 
correspond to the two hexagons with heavy 
lines while the dotted hexagon corresponds 
to the original unsplit one. The volume V of 
the inscribed sphere within the split zone 
boundaries is found to be 



where the plus and the minus signs corres¬ 
pond to the cases where the sphere is in¬ 
scribed within the outer zone or the inner 
zone respectively. Since the hexagonal prism 
bounded by the planes {10-0} and {00-2} 
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contains just two electrons per atom, the rela¬ 
tion between eja and M can be given for a 
Fermi surface of simple shape by the following 
equation: 


in the c-direction and the basic Brillouin zone 
of the fee crystals change [9], The corres¬ 
ponding Brillouin zone boundaries in these 
two cases are 


ela = 


V3 V <•„ ( , + J_ 
1 2 F a„ \ M 


( 2 ) 


where / is a truncation factor as defined in the 
case of the ID LPS|3,4,5]. The solid line in 
Fig. 10 represents the theoretical curve for 
the outer zone according to equation (2), 
with t = 0-946 and cju„ = 1-65. The theoreti¬ 
cal curve agrees very well with the experi¬ 
mental results. Such a good agreement with 
a reasonable value of I (which should be close 
to I) indicates, as in the case of the ID LPS, 
that the above interpretation is reasonable. 

Several comments must be made in con¬ 
nection with the stabilization mechanism 
mentioned above. Hrst, the value of /, 0-946, 
is numerically very close to the value of 
/(0-950) obtained in the case of ID LPS[4, 5|. 
In the latter case, the stability of the structure 
is determined by the critical contact of the 
Brillouin zone boundaries with the Fermi 
surface in the (110) direction and this situa¬ 
tion is due to the fact that the Fermi surface 
of the fee metals or alloys is flat in the (110) 
direction. In the present case of the hexagonal 
LPS, the stabilization is found to occur again 
due to the contact of the Brillouin zone boun¬ 
daries with the Fermi surface in the (110) 
directions (cubic notation) which lie on the 
basal plane. Although the symmetries of the 
crystals are different in these two cases, it is 
not unreasonable to assume that the shape of 
the Fermi surface around the six areas in the 
(110) directions where the new Brillouin 
zone boundaries contact is not very different 
from that of the fee crystals. As is well known, 
the main factor which determines the shape 
of the Fermi surface in the case of fee crystals 
is the location of the {111} Brillouin zone 
boundaries. Due to the 2 H stacking modula¬ 
tion, six out of eight {111} reciprocal lattice 
spots of the fee crystals each split into two 


fee (IT?) 2 H 

2 {111} unsplit {00-2} 

6 {111} split {10-0} 

{ 10 - 1 } 

and the shape of the Fermi surface of monova¬ 
lent fee metals changes accordingly, pulled 
by shifted Brillouin zone boundaries. Flow- 
ever, as the cross section of the Brillouin 
zone boundaries of the hexagonal crystals 
(Fig. 13) indicates, six (110) spots which lie 
on the basal planes are rather far from the 
split {111} spots which again lie on the basal 
plane. Then the shape of the Fermi surface 
near the six remaining (110) directions would 
probably not be changed much from that of 
the fee metals, and remains flat. If this is the 
case, we can again expect a stabilization of 



Fig. 13 . Cross section of the first Brillouin zone through 
the center parallel to the basal plane indicating the rela¬ 
tion of the {10-0} Brillouin zone boundaries and the Fermi 
surface of a monovalent hexagonal metal (schematic). 
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this structure by the critical contact of the 
Brillouin zone boundaries with the Fermi 
surface just as in the case of the ID LPS. This 
situation not only explains the value of / in 
equation (1), but also explains the stability of 
the hexagonal LPS. Although the cost in 
energy to create such complicated antiphase 
domain boundaries may be larger than in the 
ID LPS. the accomodation of the Fermi sur¬ 
face is more advantageous in the hexagonal 
LPS than for a ID LPS with small M since 
in the latter case the place of contact deviates 
from the <110) direction. This may be the 
reason why a hexagonal LPS appears among 
the stacking variants of a ID LPS with small 
M. In any case the existence of the hexagonal 
LPS emphasizes the importance of the flat¬ 
ness of the Fermi surface for the existence 
of a strong energy minimum at the critical 
contact of the Brillouin zone boundaries with 
the Fermi surface[5]. Unfortunately, pure 
monovalent hep metals do not exist and their 
Fermi surface cannot be measured directly 
to prove this conclusion. 

Another interesting feature of the problem 
is that the hexagonal LPS always appears at 
far higher compositions of Cd atoms (or Mg 
atoms in the case of Au-Mg alloys) than the 
ideal composition where no Cd atoms contact. 
This indicates either that the energy minimum 
with respect to Cd content occurs at higher 
Cd content where considerable Cd-Cd con¬ 
tact is expected or that, at least, the energy- 
composition curve has an extremely flat 
minimum over a wide composition range. 
However, as was emphasized in the section on 
structural analysis, the effect of excess Cd 
atoms occurs in a way to increase the intensity 
of specific pairs of split superlattice spots 
while reducing the intensities of other super¬ 
lattice spots so that the stabilization based 
on the above mechanism becomes more 
favorable than for the stoichiometric case. 
In other words, the excess Cd atoms, by a 
preferential distribution on some of the Au 
sites, tend to reduce the electron energy, 
compensating for the increase in energy due to 


the contact of Cd atoms. This not only explains 
the appearance of this structure at higher com¬ 
positions than the ideal composition, but gives 
strong support to the mechanism of the 
stabilization itself. The locations of excess 
atoms which satisfy the: above condition turn 
out to be in the antiphase boundaries, which 
are physically reasonable. 

Almost exactly the same structure appears 
in the Au-Mg alloys, identified as Au 77 Mg 23 
[10, 13]. Similar diffraction patterns have been 
reported also in Au-Cd-In alloys [19] (Au 70 
Cd. 25 In 5 ) and in Au-ln alloys[19] (Au 783 
ln 2 V 7 (h)) and in Cu-Sb alloys[20] (Cu 4 . 5 Sb 
(S)), etc. Some of these alloys are being inves¬ 
tigated by the present authors in light of the 
present knowledge and results will be pub¬ 
lished in due course. Among these, the depen¬ 
dence of the period on composition has been 
confirmed in Cu-Sb alloys[21]. It appears 
that the hexagonal LPS exists in a wide 
variety of alloy systems. 

The existence of series of long period struc¬ 
tures; long period superlattices, structures 
with long period stacking order, hexagonal 
long period superlattices, etc; in alloys has 
been confirmed and it has been established 
that these structures are stabilized by similar 
mechanisms. Naturally, there are important 
differences in stabilization mechanisms among 
different classes of structures and a systematic 
survey of these would be another stepping 
stone towards the understanding of more 
general structures. 
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Abstract-The build up of a disturbed phonon distribution is studied for n-germanium at complete 
low-temperature breakdown. During the first microsecond after application of the voltage pulse, no 
stationary state is established. The angular distribution of phonons differs substantially for the two 
transverse phonon branches. At high wave-number, the phonons are sharply peaked in the 111 
directions. 


1. INTRODUCTION 

A theory of phonon excitation by hot elec¬ 
trons at low temperatures has first been given 
by Paranjape[l]. This theory has been exten¬ 
ded in two directions. Conwell [2] has studied 
the effect of replacing the simple band struc¬ 
ture by the many-valley structure of n-type 
germanium. Paranjape and Paranjape[3], on 
the other hand, have dropped the assumption 
of a stationary phonon distribution. 

In the present paper, both of these problems 
will be re-examined. We shall derive a differ¬ 
ential equation for the phonons which differs 
in many respects from the one used by 
Conwell. Some of the differences are: 

(i) Our equation looks different for the two 
transverse phonon branches. 

(ii) The elastic anisotropy of germanium 
is taken into account. 

(iii) No phonon loss mechanism is intro¬ 
duced, apart from phonon absorption by the 
electrons. 

We shall carry out a numerical evaluation 
of the phonon distribution one microsecond 
after the voltage is switched on. 

2. DISCUSSION OF PHONON RELAXATION 
MECHANISMS 

The rate of change of phonon number 
depends on the rate at which the created 
phonons are lost or transformed into other 


phonons. At low temperature, the free path of 
acoustic phonons is long compared with the 
dimensions of the crystal. Thus the only 
process which the phonons undergo is surface 
scattering. There have been conflicting views 
about the influence which this process has on 
the energy relaxation time of the phonons. 
Conwell [2] has assumed that the phonons 
disappear as soon as they reach the surface 
of the sample. To support this assumption, 
Conwell refers to Casimir’s treatment of 
thermal resistivity at low temperature [4]. 

Casimir compares the flow of heat through a 
crystal with the flow of electromagnetic 
energy through a long and narrow tube. He 
considers two possibilities: (i) the walls of the 
tube are perfect mirrors, and (ii) the walls are 
such that the light is diffusely scattered, i.e. 
the walls are ‘perfectly white’. Casimir 
supposes that the second possibility corres¬ 
ponds to the situation in the experiments on 
thermal conductivity. But clearly, the energy 
relaxation time of the phonons is infinite in 
any case, since the energy is not lost at all. 
The only question is the kind of deflection 
the phonons suffer at the surface of the 
sample. 

A finite energy relaxation time is deduced 
by Gurevich and Gasymov (5] who take into 
account the finite transmission coefficient of 
the sample surface for elastic waves. For 
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germanium immersed in liquid helium this 
transmission coefficient is small because of 
the very different densities of germanium and 
helium, respectively. Hence a phonon, on the 
average, suffers a large number of surface 
reflections before it is lost. Now in a hot elec¬ 
tron experiment the duration of the voltage 
pulse is typically of the order of 1 jusec. On the 
assumption of a sample thickness of a few 
millimeters, a phonon is scattered only once 
or twice during one microsecond. Hence we 
are justified in neglecting this relaxation 
mechanism. 

To summarize, for the effects to be dis¬ 
cussed in this paper no phonon loss mechan¬ 
ism need to be taken into account. Practically 
all phonons which are emitted by the hot 
carriers are kept in the sample. The only 
relaxation they experience concerns devia¬ 
tions from isotropy and from equal distribu¬ 
tion among polarizations. Deviations of these 
types decay within a time of the order of cross 
dimension of sample divided by velocity of 
sound. 

3. DISCUSSION OF APPROXIMATIONS 
TO BE USED 

The conditions for observation as well as 
for computation of phonon excitation are 
favourable for germanium containing 5.10 15 
shallow donors per cnf 1 at a temperature of 
4°K and at a field strength somewhat above 
complete low temperature breakdown. The 
binding energy of the donor levels is about 
lOmeV. If the distribution of the electrons 
is a Maxwell-Boltzmann one and the electron 
temperature T e equals 40°, 90 per cent of the 
electrons are in the conduction band; at T,. = 
60°, 94 per cent are in the conduction band. 

In this energy range a theoretical analysis 
meets with rather favourable conditions. The 
electron energy is not high enough for optical 
phonon emission to be important. Thus, the 
electrons emit and absorb long wave acoustic 
phonons only. Since these processes are nearly 
elastic the diffusion approximation is applica¬ 
ble. That is, the average velocity of the carri¬ 


ers may be assumed to be large compared with 
their drift velocity. Furthermore, electron- 
electron scattering is still strong enough to 
produce a Maxwell distribution of the elec¬ 
trons. According to Frohlich and Paranjape[6] 
the energy loss rate of an electron due to 
collisions with other electrons exceeds the 
rate of loss of energy to the lattice if 

1 EWe* 
n ^4rr KT e* t 

(n carrier concentration, £ energy of carriers, 
m effective mass of carriers, s sound velocity, 
e dielectric constant, K Boltzmann’s constant; 
T, lattice temperature; e electronic charge, 
r, collision time). If E = lOmeV, m — 2.10 -2H g, 
s = 5. 10 5 cm/sec, T = 4-2°K, and r= 10 -n 
sec, this inequality defines a critical electron 
density of 10 ,4 cm~ 3 . Therefore the use of a 
Maxwell distribution is well justified. 

4. CALCULATION OF PHONON NUMBERS 
The equation 

/dN \<I> 2V r 

(if) + 

+ q,N qo >| 2 />'>(k + q) 

— l(k + q, N qa — l|/£|k, A/q„)|y <l, (k)} 

S(£ k+q -£ k -/uo a (q))d 3 £ (T) 

describes the rate of change due to the elec¬ 
trons in the i-th valley of the number of acous¬ 
tic phonons. The matrix elements for absorp¬ 
tion of an acoustic phonon can be expressed 

as 

(k + q, N qa — I |f/'|k, A q „ > 



Here, H s are the deformation potential con¬ 
stants listed by Herring and Vogt [7], For 
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germanium-like valleys they are equal to 
Sd + iE„ for s = 1,2,3, and equal to for 
s — 4,5,6; E d and E„ are the deformation 
potential constants for volume dilatation and 
for uniaxial shear. 

The numbers/„ are defined by 

fki= (2\q\)- l (e <lak q l + e <)a iq k ), (3) 

and by /, =f xx , / 2 =/„„, / 3 =/„, / 4 = 2f vz , 
ft = 2/„, / 6 = 2/ Iw . It should be mentioned 
that the numbers defined by equation (3) are 
not integers, whereas Herring and Vogt’s 
polarization factors are. The are the com¬ 
ponents of the polarization unit vector of the 
lattice mode of wave number q and polariza¬ 
tion a. For q parallel to a symmetry direction, 
there are longitudinal and transverse phonons. 
In Table 1, we have defined the transverse 


Table 1. 

Directions of q, 

e (1 , andt ti 

q 

e„ 

©« 

ill 

ilo 

ill 

no 

001 

110 

100 

010 

00! 


polarization vectors denoted by e„ and e f2 for 
the various symmetry directions. In Table 2, 
the quantities (1 E r f r f are given for the 111 
valley, with q pointing in a symmetry direction. 

Table 2. The quantities (2 S ,f s f for the 
111 valley 


Direction 

ofq Longitudinal Transverse 1 Transverse 2 


Ill 

Od-t-S.) 2 

0 

0 

110 

(E rf +iH,) 2 

13 „ 2 

0 

100 

Od+iHJ 2 


4B„ 2 

111 

(Ed + fB*) 2 

IrS, 2 

£3„ 2 

110 

W 2 

0 

0 


We shall express the phonon frequencies as 

= s a q. (4) 

The sound velocity s a is found from the 
equation 


6 6 

PSa =22 Cr,/r/,. (5) 

r*l 

the c r , being the elastic constants. The 
resulting from equation (5) are listed in 
Table 3. 

For q not pointing in a symmetry direction, 
the entries of Tables 2 and 3 will be inter¬ 
polated by linear combinations of spherical 
harmonics. For Table 3 the three lowest cubic 
harmonics are needed, whereas for Table 2 we 
need the five simplest functions with the 
symmetry of the 111 valley. These are 


1, cos 2 8, cos 4 8, cos* 8, 
sin 3 8 cos 8 cos 3*. 


( 6 ) 


where 8 is the angle of q with the 111 direction, 
and the azimuthal angle relative to a 110 
plane. For the tl entries of Table 2, our inter¬ 
polation method does not provide positive 
definite results. Whenever a negative value is 
obtained for some direction q, we have re¬ 
placed it by zero. 

After having determined the matrix elements 
of H' we consider the electron distribution 
functions /"’. If the applied electric field 
points in a 100 direction the electron distri¬ 
bution must be the same in all four valleys. 
We approximate the f w by Maxwell distri¬ 
butions, 


= - ■ n - -p~Ek/KT 

3 W 4 N c (T e f 

Here n is the total number of conduction elec¬ 
trons per unit volume, and 

N c ( T e ) = ) 3 <* (8) 

is the effective density pf states. The longi¬ 
tudinal and the transverse mass has been 
denoted by m n and m . 

Our next task is to perform the integral in 
equation (1). Following Herring and Vogt[7], 
we transform the energy ellipsoids into 
spheres, 
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Table 3. The quantities 1 CrJ T f,ip\ c* = c,, — c I2 
— 2 c u measures the elastic anisotropy 


Direction 

Longitudinal 

Transverse 1 

Transverse 2 

ofq 




111 

c„ + 2cu + k* 

r«+k* 

c« + k* 

110 

Cu + 2c44 + tc* 

c« 

cu+ic* 

100 

cu + lc^ + c* 


C 44 


h*k** 



(9) 


by putting 


^ii ~ 



( 10 ) 


m 0 may be chosen equal to the free electron 
mass. and k L means components parallel and 
perpendicular to the axis of the energy valley 
considered. 

The angular integrations in equation (I) are 
easily performed in k* space. We have 


or 

dN qa * 

where 


p ia =( e K«JKT'- ])Q(a 


(13) 


(14) 



J 0 8 < E m-E k -hua) sin 0 * AS* d<£* 


x d cos ft* 
2nm a 


h 1 k*q 


;ifk* 


hq * ’ 

— 0 otherwise. 

Next we integrate over k*. The result is 


(ID 


( dN * 

i 

/2irm u V 

\ dt ) 

i 

SI 

\pKTj 


Uh/oa + 1) e 


I 1 

(9* m n oj a \ 

12 maKT e ' 

{ 2 hq* ) 


By 5f tt we have denoted the interpolated 
entries of Table 2. q *, according to (10), is 
given by 


* /Wo . , mo \ ,/2 
q = ^ —-sin 2 « i + —cos J fi»,) , (16) 
\m ± m„ 7 

where is the angle between q and the axis' 
of the i-th valley. 

Equation (13) can be solved immediately. 
We have prescribed a fixed value for the 
electron temperature. In order to estimate the 
error introduced by the use of a time-indepen¬ 
dent electron temperature one has to study the 
reaction of the changing state of the lattice 
on the conduction electrons. We have done 
this for the standard band model, and we have 
found that for a pulse length of 1 fisec the 
error is not greater than 5 per cent. 

Plots of the phonon numbers one micro¬ 
second after the voltage is switched on are 
given in the figures. In Figs. 1-3 the angular 
distribution of the phonons emitted in the 
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Fig. 1. Angular distribution in the 110 plane of longi¬ 
tudinal (/) and transverse (1 1, (2) phonons of wave number 
Q = 2-29.10" cm" 1 at time r = 1 /xs. Parameters assumed 
are F, = 70°K, and n = 5 X 10 ls cnr s . The 

dashed line gives the number of thermal phonons. 



Fig. 2. Angular distribution of phonons of wave number 
20 . 



Fig. 3. Angular distribution of phonons of wave number 
6Q. 

110 plane is given. The value of q chosen for 
presentation is Q, 2Q, and 6 Q, where 

Q = (3m,}' 3 mf KT e lh*) m . 

In Fig. 1, the thermal phonon distribution is 


also plotted for comparison. In Fig. 4, the 
ratios of the phonon numbers at time f = 1 
(is and r — 0 are plotted for q j| 100. 



Fig. 4. Phonon numbers as a function of q (in the 001 
direction) at time t = 1 p.sec. 

From the last figure it is seen that the phon¬ 
ons emitted most frequently are those with 
wave number ~ Q. Practically no phonons 
with q > 3Q are emitted in the 100 direc¬ 
tions. However, it can be seen from Fig. 3 that 
the limit is shifted towards much larger wave 
numbers in the 111 directions. A sharp pencil 
of high frequency phonons is emitted along 
each valley axis. 

5. CONCLUDING REMARKS 

As far as the model we have used is correct, 
there will be a continuous increase of phonon 
number and no saturation. If phonon loss 
mechanisms come into play the phonon 
number will increase less quickly and even¬ 
tually will saturate. It is quite possible, 
however, that the steady state cannot be 
observed at all since the saturation time is too 
long for a clean hot electron experiment. 

If a phonon reaches the surface of the 
sample its wave vector changes direction, and 
also its polarization may change. Therefore 
equation (13) holds for sufficiently large 
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samples only. If the sample is small the 
excited phonons will be distributed much 
more isotropic, and the numbers of phonons 
of different branches will be approximately 
equal. Figures 2 and 3 suggest the use of a 
sample cut in a 111 direction in order to ob¬ 
serve the strong high frequency phonon 
emission in this direction. 

As a consequence of the increasing phonon 
number, the mobility of the electrons will also 
change with time. A more or less linear de¬ 
crease of the electric current has been ob¬ 
served by Kahlert and Seeger[8], During the 
first microsecond the current decreases by a 
few per cent only, in agreement with simple 
standard band estimates. 
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Abstract-This paper discusses the statistical mechanics of the isotropic and the weakly anisotropic 
quadratic-layer antiferromagnet. This system is of current interest since it appears to be quite a good 
model for the less anisotropic members of two recently discovered isomorphic series of antiferro- 
magnetic layer crystals. The antiferromagnetic phase, depending for its very existence on anisotropy, 
is discussed using spin-wave and Green's function methods, and comparisons are made with a typical 
three-dimensional (simple-cubic) system. The paramagnetic phase is investigated by Green’s function 
and high temperature series expansion techniques, with particular attention paid to magnetic suscepti¬ 
bility and spin correlations. By expanding the Green's function results as a high temperature series, a 
test of the extrapolation techniques, which are frequently used in conjunction with this type of series 
and are particularly controversial for the two-dimensional Heisenberg system, can be made in the 
Green’s function context. 


1. INTRODUCTION 

This paper discusses the statistical mechanics 
of the isotropic and the quasi-isotropic quad¬ 
ratic-layer Heisenberg antiferromagnet. This 
system is of some current interest since it 
appears to be quite a good model for less an¬ 
isotropic members of two recently discovered 
series of antiferromagnetic layer crystals; 
namely, the K 2 NiF 4 series[l] and the BajNiFo 
series [2]. Of particular interest, in view of the 
inherent instability of ordered two-dimen¬ 
sional isotropic Heisenberg magnetic systems 
against thermal excitations [3], is the depend¬ 
ence of magnetic properties on anisotropy for 
these systems. 

The antiferromagnetic phase, depending for 
its very existence on anisotropy, is critically 
dependent on the presence of even minute 
quantities of anisotropy from whatever source. 
Paramagnetic properties, on the other hand, 
are comparatively insensitive to the small 
values of the ratio of anisotropy energy to ex¬ 
change energy typical of many of the layer 
salts with well isolated singlet ground state 
magnetic cations. For these, use can be made 
of the well established high temperature series 
expansions of statistical magnetism. 


Section 2 examines in detail the paramag¬ 
netic susceptibility curves, making use of the 
known high temperature series expansion co¬ 
efficients, and notes a simple relationship 
between the temperature of the susceptibility 
maxima, spin quantum number, and exchange 
parameter, which provides a very simple and 
quite accurate method of estimating exchange 
for these weakly anisotropic quadratic-layer 
antiferromagnets. Intraplanar exchange J is 
calculated from this relationship for several 
examples. 

Section 3 discusses the antiferromagneti- 
caliy ordered phase and the very important 
role played by anisotropy. The results of 
simple spin-wave theory are displayed for low 
temperatures, and direct comparison made 
with a weakly anisotropic three dimensional 
(simple-cubic) antiferromagnet. Calculations 
are extended over the entire ordered phase 
by use of the random phase Green’s function 
approximation, and sublattice magnetization 
curves are computed as functions of tempera¬ 
ture and anisotropy. The anisotropy is in¬ 
cluded as an anisotropy field ti A and the results 
displayed for the case where H A « sublattice 
magnetization, a situation which (within the 
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present Green’s function approximation) 
holds for most two-spin anisotropies (ex¬ 
change anisotropy> dipolar anisotropy, etc.) 
but not for single spin crystal-field forms. 

Section 4 considers two-spin correlation 
functions in the paramagnetic phase as func¬ 
tions of temperature and spin separation. In 
particular, Green’s function susceptibility 
results are expanded as series in powers of 
reciprocal temperature and used to test the 
accuracy of high temperature series extrapola¬ 
tion procedures for the two-dimensional 
Heisenberg case. 

2. HIGH TEMPERATURE SUSCEPTIBILITY 

The exact series expansion for paramag¬ 
netic susceptibility in powers of reciprocal 
temperature has been calculated for arbitrary 
spin, and over a wide range of lattice struc¬ 
tures, out to sixth order terms for the nearest 
neighbor Heisenberg spin system [4], The 
series are valid for either sign of exchange 
parameter J, but the sign change in going from 
the ferromagnetic to antiferromagnetic system 
has a very marked effect, causing the anti¬ 
ferromagnetic series terms to alternate in sign 
and the resulting susceptibility to exhibit no 
singularity at the phase transition temperature. 
To estimate a Ndel temperature T„ from such 
a series, an analysis in terms of a staggered 
susceptibility is necessary [5]. 

For the quadratic layer Heisenberg anti- 
ferromagnet with exchange Hamiltonian 


( 2 . 1 ) 

nn 

where runs over all pairs of nearest neigh¬ 
bor spins i and j, the simplest series (numeri¬ 
cally) is that for reciprocal susceptibility x -1 
for which we find [4] 


NgW 

XJ 




( 2 . 2 ) 


cients C„ (calculated from the general forma¬ 
lism of Ref. [4]*) are displayed in Table 1. 

Using this series, best theoretical estimates 
for susceptibility as a function of temperature 
are obtained by plotting x -1 as a function of 
1 In (up to n = 6) and extrapolating graphically 
to n = oo. The errors involved in the extrapola¬ 
tion may be roughly estimated, and increase 
with decreasing temperature. The results of 
such a procedure are shown in Fig. 1 where 
Ng 2 ^g 2 fxJ is plotted as a function of kTl 
JS(S+ 1) for various values of spin quantum 
number S. Also shown are the typical errors 
(resulting from the knowledge of only a small 
number of terms in the infinite series for re¬ 
ciprocal susceptibility) as a function of tem¬ 
perature, the method ceasing to be of much 
quantitative value below kT ~ 0-9 JS(S -F 1). 


Table 1. Coefficients C„ of series (2.2) for 
several different values of spin S 



s=i 

1 

3/2 

2 

5/2 

00 

c, 

4 

4 

4 

4 

4 

4 

C„ 

2-667 

1-834 

1 600 

1-500 

1-448 

1-333 

C, 

H85 

0-445 

0-304 

0-252 

0-228 

0-178 

C. 

0-149 

0-224 

0-249 

0-258 

0-262 

0-267 

C 5 

— 0-191 

0-132 

0-132 

0-124 

0-119 

0-104 

C, 

0001 

0-019 

0-013 

0-015 

0-017 

0-022 


Despite this shortcoming, the curves are' 
clearly able to reproduce the broad sus¬ 
ceptibility maxima which, experimentally, 
seem to characterize the two-dimensional 
quasi-Heisenberg antiferromagnet. 

The likely error in the theoretical estimate 
for the temperature T xmax . at which the sus¬ 
ceptibility reaches its maximum value is only 
some ±5 per cent. To this accuracy we find, 
from Fig. 1, 

kT xma JJ=l-\2S(S+\) + 0-\0. (2.3) 


where 0= s kT/JS(S+ 1), g is the Lande g- ___ 

factor, p, B the Bohr magneton, N the number . *5t ne or tw ° coefficients beyond n = 6 are now avail- 
of spins in the lattice, and where the coeffi- Wood°aw"/w^sdc.M.Tl% 5 ) Pin * (D ° mbCand 
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Fig. 1. Reciprocal paramagnetic susceptibility for the quadratic-layer 
Heisenberg antiferromagnet calculated as a function of temperature by 
extrapolating the high temperature exact series expansion graphically (see 
text). Typical errors resulting from the extrapolation procedure are indi¬ 
cated on the figure and increase with decreasing temperature. They are 
roughly appropriate for all spin except S = i for which the extrapolation is 
less well defined with the present number of known series coefficients. Also 
plotted are the molecular-field and RPA Green’s function susceptibility 
curves (both valid for all values of spin). 


Since, for two-dimensional magnetic systems, 
a stable long-range order at nonzero tempera¬ 
tures can only be maintained in the presence 
of anisotropy [3,6], any meaningful estimate 
for Neel temperature T n must involve aniso¬ 
tropy in a fundamental way even for quasi¬ 
isotropic structures, so that a simple quanti¬ 
tative equation relating T n to exchange J 
alone, may not exist. Thus, for two-dimension¬ 
al quasi-Heisenberg antiferromagnets, r xmax . 
replaces T n as the observable most simply and 
accurately related to the exchange parameter. 
Equation (2.3) expresses the required relation¬ 
ship for the case of a square lattice and it is 
worthwhile to note that the equation is still 
valid in the presence of any temperature inde¬ 
pendent (e.g. Van Vleck) contributions to 
susceptibility, which would complicate the 
interpretation of high temperature susceptibil¬ 
ity in terms of a Curie-Weiss law. 

Using (2.3) we are immediately able to 


estimate fairly accurately the (intraplane) 
exchange J for the series of quasi-Heisenberg 
planar antiferromagnets in Table 2. Using Fig. 
1 and allowing for possible diamagnetic and 
Van Vleck contributions to susceptibility 
it is possible to analyze paramagnetic sus¬ 
ceptibility results in detail. As an example we 
have taken Ca 2 Mn0 4 , for which g = 1-99, 
fitting theory to the experimental measure¬ 
ments of Davis [7]. The best fit curve is shown 
in Fig. 2, yielding parameters 

7(Ca 4 Mn0 4 ) = 52±l°K (2.4) 

x(diamag) + x<Van Vleck) = (— 1 -2 ±0-5) 
x 10~ s e.m.u./g, 

the error brackets reflecting the accuracy of 
the fit but excluding, of course, any possible 
systematic errors resulting from experimen¬ 
tal uncertainties. The discrepancy between 
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Table 2. Exchange J calculated from T x max. 


by use of {23) 


Salt 

T lm .,.(°K) 

Spin5 

Exchange J(° K) 

Rb,MnF, 

68* 

5/2 

6-9±0-4 

K,MnF, 

78* 

5/2 

7-9±0-4 

K,NiF, 

250t 

1 

107 ±5 

K,NiF, 

235$ 

1 

100+5 

Ca,MnO, 

225$ 

3/2 

52 ±3 

Ba,NiF, 

-200# 

1 

~ 85 


•BREED D. J., Physica 37,35 (1967). 
tSRIVASTAVA K, G., P/m. Lett. 4.55 (1963). 
tMAARSCHALL E P, BOTTERMAN A. C„ 
VEGA S.and MIEDEMA A. R., Physica 44, 224(1969). 

SDAV1S J. U See MACCHESNEY J. B„ WIL¬ 
LIAMS H. J., POTTER J F. and SHERWOOD R. 
C.,Phys. Rev. 164,779(1967). 

#VON SC'HNF.RING H. G., Z. anorg. allg. Chem. 
353, 1 (1967). 


3. THE ORDERED PHASE 

(a) Spin-wave theory 

The isotropic Heisenberg exchange Hamil¬ 
tonian (2.1) cannot support a long-range anti¬ 
ferromagnetic order at nonzero temperatures 
[3], The result is exact, and supports the usual 
interpretation of simple spin-wave theory in 
two dimensions. In the presence of a small 
anisotropy field H A , the general consensus of 
theory and experiment is that an ordered state 
is stabilized up to a well defined Neel tempera¬ 
ture. There are, as yet, no exact results for the 
anisotropic case in question. In this section, 
we shall adapt conventional spin-wave and 
Green’s function theories to describe the 
ordered phase knowing that they, at least, will 
behave in a qualitatively correct manner in the 
isotropic limit, but thereby accepting the ne¬ 
glect of any possible significance of bound 



Fig. 2. The paramagnetic susceptibility for Ca s MnO„ as measured by 
Davis [7], is shown (full curve) and compared with the best theoretical fit 
(open circles) to the data, using the S = 3/2 curve of Fig. 1 with J= 52° 
K and allowing for a temperature independent contribution of- 1-2 x 10~“ 
e.m.u./g. 


theory and experiment for temperatures below 
3xmax- is probably due to the existence of a 
weakly canted rather than a strictly anti- 
ferromagnetic spin arrangement below the 
ordering temperature, leading to a divergence 
of susceptibility at T n . 


magnon effects [8]. We take comfort from the 
fact that no effects attributable to the presence 
of bound magnon states have yet been diag¬ 
nosed from any failure of conventional spin- 
wave approximations to account for low 
temperature experimental observations in 
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layer salts [9-11]. It should be emphasized, 
however, that the validity of the ‘neglect 
bound magnon effects’ conjecture is far from 
proven for quasi-Heisenberg magnetic sys¬ 
tems in two dimensions. 

We describe the quadratic layer quasi- 
Heisenberg antiferromagnet by a Hamil¬ 
tonian 


where 


:=(- 


(m 2 


•Xk 2 ) 1 ' 2 




0 . 6 ) 


and where (.. .) K refers to an average of K 
over ah its allowed valuer. For the particular 
case of the quadratic layer antiferromagnet, 
we find 


^r=2 ys„.s d -2 

nn u d 

(3.1) 

where the subscript u(d) labels spins on ‘up’ 
(‘down’) sites in the ordered phase, and where 
I n „ runs over all nearest neighbor spin pairs 
S„ and S d . The formal procedures introducing 
the Holstein-Primakoff spin-deviation op¬ 
erators for the antiferromagnetic case, and the 
subsequent diagonalization of the resulting 
Hamiltonian by the Bogolyubov transforma¬ 
tion, are well known [12] and only the results 
need be reproduced here. In the simple (non¬ 
interacting) spin-wave approximation we find 
eigenvalues 

E («,, «,) = - * NzJS (S + 1) - Ngfi B H A (S + i) 

+ 2 («1K+«2K+ 1) ( M 2 — Xr 2 ) 1 ' 2 , 

K (3.2) 

M = zJS + (3.3) 

X K = S 2 Je (3.4) 

nn 

where K is a wave vector running over A//2 
allowed values in the first Brillouin-zone of 
the reciprocal sublattice, « lK and « ZK are 
quantum numbers labeling the number of 
spin-waves present with wave vector K in the 
two degenerate spin-wave bands, and 
in (3.4) runs over the z nearest neighbor 
inter-spin distances u —d. In the same approx- 
imations[13, 14] we calculate the ensemble 
average (Si) = — (S d ) = S, which measures 
the temperature dependence of sublattice 
magnetization per site, as 

(3.5) 


/ l+D 
X \[(1+/))*— 

{^[(1+D)*-*^*] 1 *}) , (3.7) 

in which 

y K = cos ( KjM) + cos (K„a), (3.8) 

D = gfJ. B H A lzJS, (z = 4), (3.9) 

and where the components K x and K„ of wave 
vector K run independently in (.. .) K between 
— 7 r/a and i r/o, ‘a’ being the nearest neighbor 
interspin distance. 

Evaluating the average <.. .) K directly by 
computer, we have calculated the temperature 
variation of sublattice magnetization for four 
values of anisotropy D— 10 1 , 10~ 2 , 10" 3 , 
IQ -4 . The results are shown in Fig. 3 where 
the deviation of spin S„ — S from the zero 
temperature value S 0 is plotted as a function 
of temperature. Also plotted for comparison 
are the equivalent results for the quasi- 
Heisenberg simple-cubic antiferromagnet, 
where the latter curves are computed from 
(3.5), (3.7) but with y K for the simple cubic 
lattice given by (j)[cos (K x a)+ cos (K u a) + 
cos (A I a)] and the average (.. .} K taken over 
all three components of wave vector. The 
parameter D is still defined from (3.9) but 
withz=6. 

We see that the sublattice magnetization 
varies much more rapidly with temperature 
for the two-dimensional system (this is still 
true if the curves are plotted as a function of 
reduced temperature TlT n ) reflecting the fact 
that, in two dimensions, a much higher den- 


S = S + i-ix, 
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Fig. 3. The variation with temperature of the deviation of sublattice spin 
S from its value S„ at absolute zero is shown for the quadratic-layer (full 
curves) and simple-cubic (dashed curves) antiferromagnets for a series of 
values of anisotropy D = gfigHJzJS. 


sity of states exists for low energy magnons 
than in three dimensions. This same property 
also produces much larger zero-point spin 
deviations in two dimensions than in three. 
This is demonstrated in Table 3 where we 
have computed spin deviation S -S 0 as a func¬ 
tion of anisotropy and compared the results 


for the quadratic-layer and simple-cubic anti¬ 
ferromagnetic lattices. 

(b) The random-phase Green's function ap¬ 
proximation 

To extend the spin-wave findings up to and 
beyond the phase transition temperature T n , 


Table 3. Zero point spin deviation (S —S 0 ) as a 
function of anisotropy parameter 


D 

Quadratic-layer lattice 

Simple-cubic lattice 

0 

0-197 

0-078 

10' 4 

0-192 

0-078 

to-’ 

0-183 

0-077 

10'« 

0-156 

0-073 

10-' 

0-092 

0051 
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it is necessary to renormalize the spin-waves 
in some manner to account for magnon inter¬ 
actions. The simplest approximation which 
allows both for a meaningful description of the 
phase transition and the inherent instability 
of the isotropic layer system is the random- 
phase Green’s function approximation, which 
renormalizes the spin-waves according to the 
magnetization. The approximation is undoubt¬ 
edly crude [6] (underestimating, as it does, the 
short range correlations in the system) and is 
likely to be exposed, like most other theoreti¬ 
cal approximations, far more mercilessly in 
two dimensions than in three, but it does seem 
to be qualitatively sound and should provide, 
at the very least, a sounding board for more 
sophisticated schemes perhaps to follow. 

The random-phase Green’s function ap¬ 
proximation has already been discussed for 
the general case of a Heisenberg antiferro¬ 
magnet describable in terms of two transla- 
tionally invariant sublattices [15]. The relevant 
equations for the isotropic quadratic-layer 
and simple-cubic antiferromagnets can there¬ 
fore be quoted directly and are very easily 
adapted to allow for the inclusion of a small 
anisotropy term as in (3.1). 

In the present section we shall be particu¬ 
larly interested in the temperature dependence 
of sublattice magnetization, and the anisotropy 
dependence of N6el temperature. In the RPA 
Green’s function approximation, the average 
value of spin per site S in the ordered phase is 
given by [15] 

2S + x Qc-HF+’-Kx-l) 2 ^ 

2S+1 (x+ l) M+l — (x— 1 ) 2S+1 ’ 

where x is given in (3.6) but where now the 
functions pi and X K of (3.3) and (3.4) require 
the simple modification of replacing quantum 
number S by ensemble average 5. As a result, 
equations (3.7)—(3.9) are still valid for the 
quadratic-layer antiferromagnet except for the 
S -* S substitution. 

Equation (3.10) is now an implicit equation 
for S and may be solved numerically by com¬ 


puter. The resulting curves are most usefully 
presented in the form reduced magnetization 
SlS 0 as a function of reduced temperature 
T/T n and are shown in Figs. 4-6. For larger 
values of anisotropy (Z> — 0*1) the curve 
shapefs are very closely equal to the molecular- 
field (isotropic) Brillouin curves, namely 

S/So = SIS = B.K3S/S+1) (TJT) (S/S)], 

(3.11) 

where B, is the Brillouin function 

B,(y) = (1/2S){(2S + 1) coth [(2S+ l)y/2S] 

— coth [y/2S]}. (3.12) 

However, as anisotropy is reduced for the 
two-dimensional system, the curves fall pro¬ 
gressively further inside the Brillouin curves, 
the effect being most marked for spin l, but 
becoming less pronounced with increasing 
spin quantum number and finally vanishing 
completely in the classical spin limit (Fig. 6), 
for which the Green’s function curves reduce 
to the Brillouin curve for all D. One inter¬ 
esting observation for smaller values of aniso¬ 
tropy ( D 10 -3 ) is that the sequence of 
curves S = i, 1,3/2,2,5/2,3 for a fixed value 
D of anisotropy field to exchange field ratio, 
is reversed from the usual (molecular-field) 
situation, the spin 4 curve being on the inside 
of the series. 

The computations for the simple-cubic 
antiferromagnet are most insensitive to an¬ 
isotropy for values of D up to 0-1. The re¬ 
duced magnetization curves are very closely 
equal to the isotropic Brillouin curves (3.11) 
for all cases. The detailed curves are not 
exactly the molecular-field ones but, on the 
scale of Figs. 4-6, the differences are neg¬ 
ligible except for S = i, for which the devia¬ 
tions are just discernible on this scale. 

The general conclusion is that in three 
dimensions the reduced magnetization curves 
for weakly anisotropic Heisenberg antiferro¬ 
magnets are the Brillouin curves to a good 
approximation, but that in two dimensions, the 
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Fig. 4. Curves of reduced sublattice magnetization SIS,, as a function of 
reduced temperature TIT„ for the spin i quadratic-layer antiferromagnet, 
as calculated in the RPA Green’s function approximation for a range of 
values of anisotropy parameter D = gn„HJzJS. These curves are valid 
in their explicit form ID constant, H A » S) only for two-spin anisotropy 
forms e.g. anisotropic exchange, dipole-dipole anisotropy (see text). Also 
shown for comparison is the molecular-field Brillouin curve (dashed) for 

S = i. 


curves may differ quite markedly from mol¬ 
ecular-field shapes. However, a word of 
caution is necessary. The curves in Figs. 4-6 
have been displayed and interpreted above as 
if H a « S (i.e. D independent of temperature). 
Within the Green’s function approximation, 
this is valid for most two spin forms of aniso¬ 
tropy (e.g. anisotropic exchange and dipole- 
dipole forms) but is almost certainly quite 
invalid for crystal field anisotropy. For the 
latter case, curves 4-6 cannot be interpreted 
without a knowledge of the temperature de¬ 
pendence of H a . Secondly, the present theory 
is still of basic Landau form near the phase 
transition and must not, therefore, be taken as 
quantitative in the critical region. The real 
phase transition in two dimensions is likely 


to be even less Landau-like than in three 
dimensions. 

Finally, and again subject to the interpreta- 
tional restrictions alluded to above, the Neel 
temperature may be computed in the present 
approximation as a function of D, by con¬ 
sidering the S-* 0 limit of (3.10). Details have 
been given in Ref. [15] and result in the 
equation 

S(S+l)/3kT n S = <,*/(p 2 -X k 2 )>k, (3.13) 

from which we have computed the Neel tem¬ 
perature curves of Fig. 7 for the quadratic- 
layer and simple-cubic cases. 

4. TWO-SPIN CORRELATION FUNCTIONS 

Of particular interest in the study of statisti¬ 
cal magnetism is the spin-correlation function 
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Fig. 5. As Fig. 4 but for spin S = 3/2. The molecular-field Brillouin (S = 3/2) 
curve, on this scale, coincides with the D = 10' 1 curve. 


<S„(r). S R (f')), where subscripts O and R label 
spin sites at the origin and at vector R re¬ 
spectively. There has been much recent con¬ 
jecture about the frequency and wave-vector 
form of its Fourier transform for temperatures 
close to a magnetic phase transition, since 
this determines the nature of the magnetic 
excitations in the critical region [16-18], The 
weight of evidencefl, 19,20] points to the 
existence of propagating spin-wave modes 
above the phase transition, and these modes 
are presumably best defined for systems 
possessing the largest degree of short-range 
order in the paramagnetic phase. It is in 
this capacity that two-dimensional systems 
are particularly relevant. In fact, if we define 
a correlation length L c in conventional fashion 
writing, for T > T n (or T c for a ferromagnet) 

|(So(0 • Sr(0) | = |<S 0 . Sr) sc exp (-/?/L c ). 

(4.1) 

in the limit /?-*«>, then the best theoretical 


estimates presently available for isotropic 
two-dimensional Heisenberg systems[l,21] 
indicate that L c actually diverges when 

kT = kT c w » (J/10) U-l) [25(5 + 1) — 1], 

(4.2) 

even though, for these systems, there is no 
long-range order at nonzero temperatures [3]. 
The RPA Green’s function approximation 
(which, in terms of accuracy cannot, of course, 
compete with the best high temperature series 
extrapolation methods in the paramagnetic 
phase) does not exhibit such a divergence at 
nonzero temperatures. It does, however, 
demonstrate quite clearly a very marked 
difference in the temperature dependence of 
L c for two- and three-dimensional systems 
and shows even in this approximation, which 
clearly underestimates spin correlations, that 
L c approaches macroscopic dimensions over a 
sizeable range of temperature. 

We shall compute spin correlations in the 
paramagnetic phase using the well established 
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Fig. 6. As Fig. 4 but for spin 5 = 5/2. The molecular-field Briltouin (S“ 5/2) 
curve, on this scale, coincides with the D = 10~' curve. Also plotted 
(dashed) is the result for classical spin 5 = *, for which the curve is in¬ 
dependent of D and coincides exactly with the molecular-field Brillouin 
curve for the classical spin limit. 


RPA Green’s function formalism. In spite of 
the expected comparative crudeness of the 
approximation, there is an additional interest 
in generating it. The accuracy of the high 
temperature series expansion extrapolation 
procedures can be tested in the RPA Green’s 
function context. Since the suggestion of 
a divergent L c (and the associated questions 
surrounding the possible interpretation of this 
finding in two dimensions! 1,21]) results from 
an extrapolation and cannot yet be demon¬ 
strated rigorously, it is important to check 
the accuracy of the procedure for cases where 
an exact result is known. In the RPA Green’s 
function approximation, T r (a , the temperature 
for which L e diverges, is zero for the isotropic 
Heisenberg quadratic-layer ferromagnet or 
antiferromagnet. By expanding the RPA 
Green’s function paramagnetic susceptibility 


as a high temperature power series and to 
about that number of terms usually available 
in an exact series calculation, we shall test 
whether the typical extrapolation procedures 
are capable of indicating T c w — 0 for this 
case. Such a test can never, of course, estab¬ 
lish the validity of the high temperature ex¬ 
pansion procedures for the general case; it 
could, however, destroy the significance of 
Stanley and Kaplan’s finding (4.2) if the 
method fails. It should, moreover, be quite a 
good test case in view of the extremely large 
(though still finite) values attained by L c at 
low temperatures in the Green’s function 
description. 

The general formalism for the RPA Green’s 
function approximation is well known[15,22] 
and is valid in the paramagnetic phase for 
either sign of exchange parameter. We shall 
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Q/tBHA/ZJS 

Fig. 7. The Nee! temperature T„ as a function of anisotropy gn„HJzJS 
for the quadratic-layer (q.l.) and simple-cubic (x.c.) antiferromagnets 
calculated in the RPA Green's function approximation. 


consider the isotropic quadratic layer system 
with Hamiltonian (2.1) for which [22] 

(So • Sr) = 3kT(exp (iK. R)/(x<T'+ p)>k. 

(4.3) 

in which 

P — S ^ [exp(iK. !*„»)— 1], (4.4) 

nn 

with I nn running over nearest-neighbor posi¬ 
tion vectors R nn , and where xo is a reduced 
susceptibility Xo= x/^(?Vb 2 an d can be com¬ 
puted in the present approximation from [22] 

s(s+i)mrxo=<i/(i+xop)>K- (4.5) 

More specifically, we have for the quadratic 
layer case 

p = 2J [cos ( K x a ) + cos ( K y a ) — 2], (4.6) 

and the average (.. .) K is taken for values K x 


and K v running independently between —nla 
and nla. The corresponding expression for the 
simple-cubic lattice is 

p = 2J [cos ( K x a ) + cos (X^a) 

-fcos {K z a)~ 3], (4.7) 

with {.. ,) K now running independently over 
all three wave vector components. 

Defining a Fourier transform S K of spin 
operator S R by 

S R = N2 Sk exp (- iK . R), (4.8) 

K 

we find the Fourier transform of the correla¬ 
tion function in the form 

<S k .S_k) = 3fc77(x<f'-p). (4.9) 

from which one readily verifies the Omstein- 
Zernike form for the long wavelength (ferro- 




112 


M. E LINES 


magnetic) or staggered long wavelength 
(antiferromagnetic) cases as follows; 

(a) Ferromagnetic 

(Sk.S_k> ~ (3kTI\J\)l(Kr t+ K*) at ' K 0^ 

in which 

a i K c t = a*!L? = (Xol^D” l > (411 > 

and goes to zero as the susceptibility diverges. 
In the present approximation this occurs at 
the same temperature T c at which a long-range 
order sets in. 

(b) Antiferromagnetic 

(Sr*.S^)-OkTIJ)l(K f ' + K*)a*,K-+ 0, 

(4.12) 

in which 

a*K,. 2 = a*IL,? = ( Xo J )’’ - 2z, (4.13) 

and where q is a reciprocal lattice vector 
[(■n-/«,Tr/u) for the quadratic-layer lattice, 


(nla,nla,-irla) for the simple-cubic lattice]. 
Since the antiferromagnetic reduced sus¬ 
ceptibility xo= (2 zJ)~ l at the Neel tempera¬ 
ture [15], K c again goes to zero in this limit. 

Thus, in the RPA Green’s function approxi¬ 
mation, the correlation length L c diverges at 
the onset of long-range order. Fourier trans¬ 
forming (4.10) or (4.12) immediately identifies 
the L c of (4.11) and (4.13) with that of (4.1). 

Computing the correlation length from 
(4.13) and (4.5) for the isotropic quadratic- 
layer and simple-cubic antiferromagnets 
([( Xo j)- 1 as a function of temperature in this 
approximation is displayed in Fig. 1) we ob¬ 
tain the results plotted in Fig. 8, where the 
reciprocal correlation length is shown as a 
function of temperature for the paramagnetic 
phase. The figure is actually valid for the 
equivalent ferromagnetic lattices also. This is 
readily proved by using equations (4.5)—(4.7) 
to establish, in RPA Green’s function approxi¬ 
mation, the result 

(XoUDfetro = (XoUI)anWrro ~ 2Z. (4.14) 



012345678 
3kT/|J|S (S-H) 


Fig. 8. The ratio of lattice spacing V to spin correlation length L c cal¬ 
culated in the RPA Green's function approximation for the isotropic 
Heisenberg quadratic-layer (</./.) and simple-cubic (s.c.) systems. The 
curves are valid for either sign of exchange J (see text). Also marked 
(arrows) are the temperatures (as a function of spin)) for which the high 
temperature series expansion techniques (equation (4.2)] indicate L c to 
diverge for the quadratic-layer case. 
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We note that the two-dimensional situation 
shows a sizeable temperature range for which 
L e is orders of magnitude larger than the lattice 
spacing V. A corresponding region for the 
simple cubic case is vanishingly small. As 
mentioned earlier, this Green’s function esti¬ 
mate for L c for the two-dimensional system is 
almost certainly an underestimate, and the 
high temperature series work suggests that L c 
diverges at T c (a of equation (4.2) (which is 
marked on Fig. 8). 

Spin correlations for near neighbor spins 
may be computed directly from (4.3) in con¬ 
junction with (4.5). Results out to sixth near¬ 
est neighbors along an axis for the quadratic 
layer-system are shown in Fig. 9 for a number 
of different temperatures. The correlations 
are observed to follow the law 


i<S 0 ■ Sr) | « R~ p exp (— KeR), (4.15) 

where /3 is, to a good approximation, tempera¬ 
ture independent and equal to 0-4 ±0-1. The 
corresponding result for the simple cubic 
lattice may also be expressed by (4.15) but 
with /3 = 1-0 ±0-1 and where, this time, the 
nearest neighbor correlation is an exception 
to the rule, having a larger value than would 
result from (4.15). The radial dependence of 
(So. Sr) in the limit of R -* oc can be obtained 
algebraically by Fourier inverting (4.10) or 
(4.12) when one obtains 

1 (S 0 . S R > 1 * R-tt-rn exp (- K r R ) , R - * 

(4.16) 

in which d is the dimensionality. This gives the 
famous result of Ornstein and Zemike for 



Fig. 9. The correlation function ratio <S 0 - Sr)/(So- Sr-») for the first five 
pairs of nearest-neighbor spins So, Sg-.along a quadratic axis are shown 
for a number of different temperatures for the isotropic Heisenberg quad¬ 
ratic-layer system [computed directly from (4.3) and (4.5)]. The results 
are valid for either sign of exchange J if allowance is made for an obvious 
change of sign of ordinate axis for the antiferromagnetic case. Also shown 
is the limiting behavior as a/R —* 0, for which the correlation function 
ratio is directly related to the correlation length and can be calculated 

from Fig. 8. 
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d*s 3 (0 of equation (4.15) equal to unity) and, 
for two dimensions, gives f) = i Thus, the 
relationship (4.16) for R -* * appears to be 
valid, to a good approximation, right down to 
very near neighbor distances but with the 
possible exception of nearest-neighbors them¬ 
selves. 

We now use (4.5) to expand the paramag¬ 
netic reduced susceptibility xo as a power 
series in reciprocal temperature. We first look 
for the series for reciprocal susceptibility in 
the form 


(xo-/)" = 3e 



(4.17) 


where 0= kT/JS(S+l). Substituting (4.17) 
into (4.5) we obtain 


(U + iplim + jtAtIO 1 ') K = 1. (4.18) 


Expanding the left hand side as a power series 
in 0"’, equating coefficients, and making use of 
(4.6) and (4.7), we find for the coefficients A t 
the values shown in Table 4. Inverting the 
series we obtain, for the reduced susceptibility 


Xj=(l/3d)[l-| i 5 ( /t>'], (4.19) 

where the coefficients B t for i«£ 10 are also 
given in Table 4 for both the quadratic-layer 
and simple-cubic cases. We note that the 
series (4.19) has terms oscillating in sign for 
the antiferromagnet (positive J) but of con¬ 
stant sign for the ferromagnet. 

For the ferromagnetic cases, we may com¬ 
pare these Green’s function results with those 
from the exact series expansion [23]. We make 
the comparison for the classical spin case ( S— 
«) for which the largest number of exact co¬ 
efficients are available (the Green’s function 
approximation is, of course, applicable for 
arbitrary spin). Plotting the ratio as 

a function of i we obtain the curves of Fig. 10. 
The extrapolated values of the ordinate for 
i -» » are the respective values of the ratio 
TjT m[ of Curie temperature T c to molecular- 
field transition temperature T^. The ‘exact’ 
results are known for the Green’s function 
curves, being 0-659 for the simple-cubic case, 
and zero for the quadratic-layer case. We see 


Table 4. The coefficients A, of series expansion (4.17) 


Simple cubic lattice 


Quadratic layer lattice 

2 00000 

A, 

1-33333 

0-66667 

A z 

0-44444 

0-22222 

A, 

0-04938 

0-18107 

A, 

-0-02195 

0-12346 

An 

-0-00427 

0-09693 

A io 

0-00298 

0-00000 

Afi+I (* > 1) 

0-00000 

The coefficients B, of series expansion (4.19) 

Simple cubic lattice 


Quadratic layer lattice 

2-0000 

B, 

1-3333 

-3-3333 

B x 

— 1-3333 

5-3333 

B s 

1-1852 

-8-2222 

B, 

-0-9383 

12-4444 


0-6584 

-18-4856 

B t 

-0-4170 

27-1276 

B, 

0-2341 

-39-3772 

Be 

-0-1140 

56-6914 

B, 

0-04718 

-81-0260 

5,o 

001494 



THE QUADRATIC-LAYER ANTIFERROMAGNET 


115 



Fig. 10. The ratio of coefficients BJ from series (4.19) are plotted as 
a function of 1/i and extrapolated graphically to 1/i -* 0 for which limit the 
ordinate equals the ratio of phase transition temperature T c to molecular- 
field estimate T M . The filled circles are the exact series coefficients for the 
classical spin limit, taken from Ref.(23), and the open circles are the RPA 
Green’s function approximation. Results are shown both for the isotropic 
Heisenberg quadratic-layer (q.l.) and simple-cubic (s.c.) ferromagnetic 
lattices. The correct limiting values for the Green’s function approximation 
can be computed directly and are shown. 


that the series extrapolation method is quite 
valid for both cases. Thus, the Green's func¬ 
tion test ’is not able to point to any obvious 
weakness in the reliability of the extrapolation 
procedure. We must therefore still accept the 
possibility of the existence of a phase transi¬ 
tion at nonzero temperatures for the two- 
dimensional system (see Fig. 10) even though 
the divergence of susceptibility (which is 
indicated by the positive intercept on the 
ordinate axis) and the associated divergence 
of the correlation length cannot be indicative 
of a long-range order for this case [3]. 

Making use of the general relationship 

Xo= (IfkT) 2 <So l S„*>, (4.20) 

R 

for the paramagnetic phase which, for isotropic 
systems, becomes 


Xo= (1/3*D2 <S 0 .S R >, (4.21) 

R 

it would seem very probable that the RPA 
Green’s function approximation underesti¬ 
mates long-range spin correlations and that, 
in this limit, it is a very much poorer approxi¬ 
mation in two dimensions than in three. 

Acknowledgement-The author has greatly benefited 
from numerous discussions with R. J. Birgeneau and is 
pleased to acknowledge the value of these verbal 
exchanges. 


REFERENCES 

1. LINES M. E.. J. appl Phys. 40 . 1352 (1969) (A 
wide selection of relevant references). 

2. VON SCHNER1NG H. G., 1. anorg. allg. Chem. 
353, No. 1-2. land 13 (1967). 

3. MERMIN N. D. and WAGNER H., Phys. Rev. 
Lett. 17.1133(1966). 




116 


M. E. LINES 


4. RUSHBROOKE G, S. and WOOD P. J., Motec. 
Phys. 1,257 (1958). 

5. RUSHBROOKE G. S. and WOOD P. J.. Molec. 
Phys. 6,409(1963). 

6. LINES M. £., Ret>. 164,736 (1967). 

7. DAVIS J. L., Private communication, see also 
MACCHESNEY J. B., WILLIAMS H.J.,POTTER 
J. F. and SHERWOOD R. C„ Phys. Rev. 164, 779 
(1967). 

8. WORT1S M„ Phys. Rev. 132,85 (1963). 

9. BREED D. J., Physica 37.35 (1967). 

10. NARATH A., Phys. Rev. 131, 1929(1963). 

11. NARATH A. and DAVIES H. L„ P6vs, Ret). 137, 
AI63G965). 

12. KEFFER F„ Hundh. Phys.. Vo). 18, p. I. Springer, 
Berlin. 


13. ANDERSON P. W „Phys. Rev. 86,694 (1952). 

14. KU BO R., Phys. Rev. 87,568 (1952). 

15. LINES M. E„ P6vi. Rev. 13S, Al336 (1964). 

16. MARSHALL W., Critical Phenomena, NBS Misc. 
Publ.No.273 p. 135. 

17. FISHER M. E., Rep. Prog. Phys. 32,615 (1967). 

18. HALPERIN B. 1. and HOHENBERG P. C„ Phys 
Ret). 177.952(1969). 

19. BENNETT H. S„ Phys. Rev. 174,629 (1968). 

20. NATHANS R„ MENZINGER F. and P1CKART 
S. J., J. appl. Phys. 39, ) 2 3 7 (1968). 

21. STANLEY H. E. and KAPLAN T. A., Phys. Rev 
Lett.V, 913 (1966). 

22. LINES M. E., Phys. Rev. 139, A1304 (1965). 

23. STANLEY H. E.. Phys. Rev. 158,546(1967). 



J. Phys. Chem. Solids Pergamon Press 1970. Vol. 31, pp. 117-124. Printed in Great Britain. 


THE DE HAAS-VAN ALPHEN EFFECT 
IN WHITE TJNt 
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Abstract-A low frequency field modulation differential magnetometer has been adapted to allow 
numerical Fourier analysis of data taken in de Hass-van Alphen (DHVA) effect studies. The techni¬ 
que is used to determine the effect mass of those sections of the Fermi surface in white, metallic, tin 
contributing to the DHVA with the magnetic field parallel to the (100) and (001) crystallographic 
axes. In addition, the observation of anomalous, intense oscillations whose frequencies are high 
order (greater than sixth) linear combinations of the frequencies of the fundamental DHVA oscillations 
are reported and discussed. 

introduction We have developed a numerical Fourier 


The fermi surface and electronic structure of 
metallic, ‘white,’ tin have been extensively 
investigated in the past few years [1-7]. We 
wish to report additional information which 
has been obtained on the Fermi surface in 
white tin using the de Haas-van Alphen 
(DHVA) effect. First discovered in tin by 
Shoenberg[7], the DHVA has since been 
used for investigations of this material 
by a number of authors [ 1 -6], With the de¬ 
velopment of the field modulation DHVA 
techniques and their increased sensitivity, 
two groups [1,2] have re-examined the 
DHVA .in white tin in detail, reporting both 
new oscillations and more accurate values of 
the frequencies of those previously known. 
No attempt was made in these later studies to 
accurately determine the amplitudes of the 
numerous superimposed oscillations. 


tThis paper presents the results of one phase of re¬ 
search carried out at the Jet Propulsion Laboratory, 
California Institute of Technology, under Contract No. 
NAS 7-100 sponsored by the National Aeronautics and 
Space Administration. 

tU.S. Army assigned to the Jet Propulsion Laboratory 
under Contract No. NAS 7-100. Present address: 
Division of Chemistry and Chemical Engineering, 
California Institite of Technology, Pasadena, Calif. 
91109, U.S.A. 

5 Present adifrerr:National Bureau of Standards, 
Boulder, Colo. 80302, U.S.A. 


analysis scheme for use in conjunction with a 
field modulated magnetometer to allow an 
accurate determination of both the frequencies 
and amplitudes of such multiple oscillations. 
This numerical technique has been used to 
determine the effective mass of several sec¬ 
tions of the Fermi surface contributing to the 
DHVA from the dependence of the amplitude 
of the oscillations upon the temperature. In 
addition, we report the observation of a phe¬ 
nomenon in tin which results in the occurrence 
of intense oscillations of harmonic and con- 
binational frequencies of high order (greater 
than sixth) when the magnetic field is orien¬ 
tated parallel to a (100) crystallographic axis. 

The numerical Fourier techniques des¬ 
cribed here are directly applicable to the 
analysis of data in many other experimental 
situations. In addition to allowing a straight¬ 
forward determination of the amplitude and 
frequency of all oscillatory components in the 
data, they allow an effective increase in the 
signal-to-noise ratio of the experimental 
apparatus and thus can offer significant advan¬ 
tages compared to analog signal processing. 

EXPERIMENTAL TECHNIQUES 

The modulated field magnetometer which 
was constructed and used for this work is 
similar to that described by several authors 
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[2, 8] and will only be briefly described here. 
The sample orientation device used the spiral- 
gear arrangement devised by Thorsen and 
Berlincourt[9], and a vacuum system con¬ 
nected to the inner Dewar allows accurate 
temperature control down to 1 ‘2°K. The 
balance coils are connected in series opposi¬ 
tion to the detection coils to reduce the pickup 
of the modulation signal, and the detection 
coil is tuned for parallel resonance at the 
second harmonic frequency. A 500 Hz modu¬ 
lation signal was used, phase sensitive 
detection was at the second harmonic, and 
the analog signal F.M. recorded on magnetic 
tape. A record of the changing d.c. magnetic 
field was obtained by measuring the voltage 
drop across a small resistor in series with the 
superconducting magnet (Westinghouse 50 
kG). 

The analog data were converted to digital 
form suitable for direct read into an IBM 7094 
computer by means of a Digital Equipment 
Corporation ‘PDP-4’ system. This digitiza¬ 
tion system was used because of its avail¬ 
ability, and at present, data is being digitized 
in real time using a Nuclear Data 160 system, 
thereby avoiding the need for the intermediate 
analog recording. 

The tin samples used for this work were cut 
by acid erosion from a single crystal bar and 
oriented by standard Laue X-ray techniques 
to within 1 0 of the desired orientation. 

Numerical Fourier analysis of DHVA data 
has been recently reported by several authors 
110-12], The numerical techniques used in 
this work differ considerably from what has 
been reported and therefore a more detailed 
discussion of the numerical methods has been 
included in the form of an Appendix. Briefly, 
the experimental data, sampled at equal inter¬ 
vals of the independent variable, (1 /£„), j s 
used to calculate an autocorrelation function 
and then the Fourier transform of the auto¬ 
correlation function is calculated to determine 
the frequency spectrum of the original data. 
Proceeding by initially calculating the auto¬ 
correlation function has several distinct ad¬ 


vantages: (1) it allows an improvement in the 
effective signal-to-noise ratio of the experi¬ 
mental apparatus; (2) provides a convenient 
means of minimizing the distortions in the 
final frequency spectrum due to the finite 
length of the experimental record; and (3) 
allows a considerable reduction in computer 
time usage. These points and the detailed 
interpretation of the final frequency spectrum 
are discussed in the Appendix. 

DISCUSSION OF RESULTS 

The de Haas-van Alphen signal obtained 
from a modulated field magnetometer with 
detection at the second harmonic frequency is 
[8, 13], 

Fdhva 00 ^2( a ()W(l^»)sin(27TFj/B # +<f>i) 

= Sa,(Z?o)sin(27rF,/tf« + <£<) (1) 

i 2 (a t ) is the second order Bessel function of 
argument, a t = 2itF { BJB 0 2 , with B m being the 
size of the modulating field and B 0 the large 
external magnetic field. M ( (B 0 ) is the ampli¬ 
tude of the oscillating magnetization produced 
by the sample, and is a slowly varying function 
of Bn- 

A low modulation amplitude, B m = 2.G, 
was used here to accentuate the higher fre¬ 
quency DHVA oscillations. With analog 
signal processing techniques the amplitude of 
the modulating field is chosen to preferen¬ 
tially select or reject specific oscillations [8], 
while with numerical analysis (as used in 
these experiments) it is desirable to select a 
value of B m which will allow the various 
oscillations to contribute to the data with 
near equal amplitudes as then a single experi¬ 
mental record will furnish all the desired 
information. 

Figure 1(a) illustrates an experimental 
DHVA record and the frequency of ‘power’ 
spectrum of this specific record is illustrated 
in Figs. 1(b) and 1(c). The numerically calcul¬ 
ated have been connected with straight lines 
to produce the envelope indicated in Figs. 
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FREQUENCY, 

Fig. 1. (a) de Haas-van Alphen data for tin taken with 
B„ parallel to the (100) axis at I -93°K between 32 and 35-4 
kG. (b) and (c) power spectrum of tin data in (a). 

1(b) and 1(c), and the height of each peak is 
proporti onal to the average of the intensity, 
di(l/5o), of that particular frequency in the 
experimental record. The negative values in 
the power spectrum located near the base of 
each large peak are distortions due to the finite 
length of the experimental record and do not 
represent either signal or noise. The impor¬ 
tance of making some efforts to minimize 
these distortions in the frequency spectra (as 
discussed in the Appendix) caused by the 
finite length of the data record can be appreci¬ 
ated here as the aberrations would have been 
an order of magnitude greater otherwise, and 
it would have been difficult, it not impossible, 
to observe the low intensity oscillations near 
in frequency to the most intense ones. The 
frequency resolution in Figs. 1(b) and 1(c) 


allow separation of frequencies differing by 
approximately 10* G, which is more than 
sufficient for the data presented here. As the 
frequency resolution is determined by the 
length of the data record, one could obtain 
higher resolution simply by extending the 
experimental record beyond that shown in 
Fig. 1(a). 

It should also be pointed out that the large 
number of low intensity oscillations visible in 
the expanded view of the low intensity part of 
the power spectrum, Fig. 1(c), are not arti¬ 
facts of the numerical analysis, but are 
representative of the actual data. The ability 
of the numerical techniques to allow observa¬ 
tion of weak oscillations in the presence of 
strong ones is clearly demonstrated here as 
there are over four orders of magnitude differ¬ 
ence between the strong and weak oscillations 
in this spectrum. 

These frequencies are more clearly indi¬ 
cated in Fig. 2 which is a frequency spectrum 
of data taken at a somewhat lower tempera¬ 
ture, 1-22°K compared to 1-93°K for Fig. 1. 



FREQUENCY I0' 7 go*> 

Fig. 2. Power spectrum of DHVA data for tin taken at 
1-22°K with the magnetic field between 36-0 and 32-0 kG 
and parallel to the (100) crystallographic axis. 
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Only the three oscillations labeled C,, Hi, and 
K, in Fig. 2 are fundamental as the frequen¬ 
cies of all other oscillations present in Figs. 1 
and 2 are linear combinations of the frequen¬ 
cies of these three osicllations. This is indi¬ 
cated in Fig. 2 by the labels given the more 
intense sum and difference frequencies. The 
physical phenomena responsible for the 
generation of such a large number of combina¬ 
tional frequencies is presently not fully under¬ 
stood. It appears to be operative only when 
the magnetic field is orientated within several 
degrees of the [ 100] crystallographic axis in tin 
as the generation of such combinational fre¬ 
quencies was not observed at other orienta¬ 
tions although rotation studies were made in 
(100), (001), (110), and (011) symmetry planes. 

Previous publications of the DHVA effect 
in tin have not reported observing such ex¬ 
cessive generation of combinational frequen¬ 
cies. However, the work of both Gold and 
Priestley[3] and Stafleu and de Vroomen[2] 
reported frequencies above the K, oscillation 
with the magnetic field orientated along the 
[100] symmetry axis in tin. These frequencies 
can be identified (within the accuracy re¬ 
ported) with the most intense of the sum and 
difference frequencies in Fig. 2, although 
these authors treated such frequencies as 
independent oscillations. Craven and Stark 
[1] in their more precise measurements re¬ 
ported no independent frequencies above the 
k t oscillation with the field along the [ 100] axis. 
They stated only that they saw some harmonic 
and mixing frequencies generally in their data 
at various orientations. Our results show an 
extremely complex spectrum made up of 
multiple harmonics and linear combinations of 
the three fundamental oscillations (greater 
than sixth order) where the intensity of the 
harmonic and combinational frequency 
oscillations are comparable to the intensity of 
the fundamental oscillations. 

Presently, additional work is in progress to 
characterize the generation of these combina¬ 
tional frequencies of such large amplitude in 
terms of possible mechanisms such as the 


Schoenberg-B-H effect [14], magnetic break¬ 
down, nonlinear interactions through 
skin-depth modulation or through the de 
Haas-Shubnikov effect, etc. Because of the 
complexity of the field, temperature, and 
orientation dependence of these oscillations, 
further discussion of this phenomena will be 
delayed until publication of that work [15]. 

The temperature, T, dependence of the 
amplitude of the DHVA oscillations, A/„ is 
[13], 


Mi 

f_. ,n 2 KTm*] 

-i 

lir^KT/m*Y\ 

-=r oo 

T 

sin rl ~ jj 

H m J 

~~ € — 

[ I3H \m)\ 


f3 = Bohr magneton (2) 


and thus, the slope of a plot of In (M,/T) vs. T 
can be used to determine the effective mass, 
m*lm, of those parts of the Fermi surface 
contributing to the DHVA effect. 

The Fermi surface of tin is complex and 
numerous oscillations are observed simulta¬ 
neously with similar frequencies. This makes 
determining the amplitude of the separate 
oscillations difficult using analog signal pro¬ 
cessing techniques and thus although two 
detailed investigations of the band structure of 
tin using the DHVA effect have been made 
with the more sensitive field modulation tech¬ 
niques] 1, 2] no attempt was made to measure 
the effective masses. The numerical technique 
described in this work is well suited for sort- * 
ing out the amplitude of the various oscilla¬ 
tions and has been used to determine the 
effective mass of those sections of the Fermi 
surface contributing to the DHVA effect 
along two symmetry axes. 

Figure 3 is such a plot for the oscillation 
[15] in tin with the magnetic field parallel to the 
[100] axis, where values for the amplitudes 
have been obtained from the power spectrum 
as discussed in the Appendix. The standard 
deviation of the effective mass, calculated 
from the slope of the four least square fitted 
lines in Fig. 4 is 0-005 (units of m*lm ), and 
indicates the consistency of the data obtained 
with the numerical techniques. 
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Fig. 3. Plot to determine effective mass of A, oscillation 
[18] in white tin. The held values with each line indicate 
the mean held around which Fourier transforms were 
taken for the points on that line. The four sets of data have 
been shifted vertically for clarity of presentation. 

The effective mass values obtained from 
such plots are presented in Table 1 along with 
previously reported values [17]. The latter 
are primarily those taken from the earlier 
pulsed field studies of Gold and Priestley [3]. 
Somewhat more conservative error estimates 
have been placed on the values in Table 1 
than indicated by standard deviations. This 
was done to allow for possible systematic 
errors particularly for those values obtained 


along the [001] axis where data was only 
taken at three temperatures. 

The difference between the effective mass 
values obtained in this work with previously 
reported values, as indicated in Table 1, 
differs significantly and consistently only for 
those values reported with the magnetic field 
orientated in the [100] direction. It is pre¬ 
cisely here that the intense harmonic and com¬ 
binational frequencies were noted. Previous 
investigations[14, 17, 18] have indicated that 
plots such as Fig. 3 may show nonlinearities 
when a second harmonic, sum or difference 
frequency is present; therefore, considerable 
effort was expended to determine if that was 
the case here where an array of such anomal¬ 
ous combinational frequencies are observed. 
Data taken in a minimum of four different 
field ranges and at a minimum of six different 
temperatures was analyzed for each oscilla¬ 
tion without detecting any abnormalities from 
that expected from equation (3). All lines 
were linear over the whole temperature range, 
l-2 0 -2-2°K, and the effective mass values 
calculated for the data taken in the different 
l-2°-2-2°K, and the effective mass values 
calculated for the data taken in the different 
field ranges agreed excellently. Thus, it 
does not appear as the difference between 
current and previously reported values can 
be accounted for, as has been suggested in 
the case of Silver [17], due to deviations from 


Table 1. Effective mass values for tin 


Orientation of 
sample 

Oscillation" 

Previously deter¬ 
mined m*/m* 

m*lm Determined 
in this work 1 * 

(100) 

C 

0-26 0-22 r 

0-31 + 0-01 


K, 

0-50 

0-56 + 0-01 


H, 

0-45 

0-55 + 0-01 

(001) 

B 

015 

0-16 + 0-02 


E 

0-51 

0-51+0-03 


F\ 

0-64 

0-57 + 0-03 


“Nomenclature of [2], 

‘Values from 13] unless otherwise noted. 

“From [5], 

'The inaccuracy in approximating the sinh in equation (3) as an exponential 
was taken into account in determining th em*/m for the smallest 
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temperature dependence of the amplitudes 
of the oscillations from that predicted by 
equation (3). 

SUMMARY 

Digital handling facilities have been com¬ 
bined with a low-frequency field modulation 
differential magnetometer to allow numerical 
Fourier analysis of data obtained in DHVA 
experiments. This system has been applied to 
a reexamination of the DHVA in white tin 
and resulted in the discovery and characteriza¬ 
tion of a phenomena responsible for the 
generation of oscillations with anomalously 
high harmonics and combinational frequencies 
(greater than sixth order). The numerical 
analysis techniques are well suited for sort¬ 
ing out the frequencies and amplitudes of 
numerous superimposed oscillations as occur 
in tin and have been used to evaluate the effec¬ 
tive mass of several sections of the Fermi 
surface contributing to the DHVA effect in 
tin along two symmetry axes. Particular 
emphasis was placed on the discrepancy be¬ 
tween current values and previously reported 
effective mass values with the magnetic field 
orientated parallel to the [100] crystallo¬ 
graphic axis. 
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APPENDIX 

Details of numerical calculations 
The numerical Fourier analysis technique used in this 
work has been discussed in the literature[20-24] par¬ 
ticularly under the title, ‘power Spectrum Analysis’. It 
consists of initially calculating an autocorrelation func¬ 
tion and then taking its Fourier transform rather than 
directly Fourier transforming the original data. Equation 

(la) defines the autocorrelation function, while equation 

(lb) gives the approximate function which can be deter¬ 
mined from a finite experimental record (G = length of 
experimental record). 

, , . _ limit 1 f®* 

T(g)-c-™— x(y + g/2)x(y-g/2)&y (la) 

■'-GfS 

| rUUG-lil) 

= c _|_| I x(y + gl2)x(y-gl2)&y (lb) 
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The autocorrelation function contains all the frequency 
and amplitude information in the original data and, addi¬ 
tionally, is symmetric in the independent variable, y. 
Thus, the calculation of the Fourier transform of the 
autocorrelation function reduces to the determination of a 
simpler cosine transform. This, together with the fact that 
g m (the maximum difference in y for which the autocor¬ 
relation function is calculated is normally considerably 
less than G results in substantial savings in computer 
time as there are less terms to be transformed. Mention 
should also be made here of the fast Fourier transform 
algorithms [25-27] which are available to further reduce 
computer time usage. 

The intermediate calculation of the autocorrelation 
function provides a means of improving the signal-to- 
noise ratio in the final frequency spectrum and for mini¬ 
mizing distortions of the frequency spectrum which are 
due to the finite length of data record available. 

liquation (lb) is only an estimate of the true autocorrela¬ 
tion function, and it is by improving this estimate that one 
improves the final power spectrum. In particular, an effec¬ 
tive increase in the signal-to-noise ratio can be obtained 
by effectively averaging out the noise power. This can be 
done by 'increasing the range of integration over the in¬ 
dependent variable, -y, (increasing the held range), or 
by ensemble averaging; i.e. by obtaining more than one 
independent experimental record, calculating the esti¬ 
mated autocorrelation function for each record, and then 
averaging these for each value of g. This point is dis¬ 
cussed quantitatively below. 

The best estimate of the autocorrelation function ob¬ 
tainable is, however, undefined for g greater than g m , and 
it is not possible to calculate its true Fourier (cosine) 
transform as one cannot integrate above g m . One can 
modify the estimated lag-product function, 

{£'(*)}- W(g){L(g)) (ID 

{V (g)} is the modified lag-product function and W(g) is 
a function having W'(O) = 1 and W(g) =0 for g > g m . 
Thus, {£’(#)} is defined for all values of (g) and has a 
definite Fourier transform, {/*'(/)}. It can be shown[!8] 
that 

(/”(/«)} = /' [Q(fi -/)+(?(/, +/)]F(/)d/' (IH) 

0 

where Q(f) is the Fourier transform of Wig) and P(f) is 
the desired but indeterminate Fourier transform of 
(L(g)}. The integral is a modified convolution integral 
and allows interpretation of {P’iJ)} as an average-over¬ 
frequency estimate of P{f) as seen through the scanning 
function, Q(f). {P'if}} is thus, an average of PIJ) over 
frequencies near (/) weighed according to Q(J), and the 
frequency resolution with which {P'if)} approximates 
P(J) depends upon choosing Wig) such that its Fourier 
transform, (?(/), will be concentrated near /= 0. As of 
necessity, however, Wig) = 0 for g > g m and this forces 
a finite width on Qif) proportional to 1 lg m whatever the 
form of Wig) for g < g m . The greater the frequency 
resolution required of the analysis, therefore, the greater 
must be the range, g m , over which the lag-product func¬ 
tion is calculated. A proper choice of W(g) for g < g m is 
important for minimizing distortions in the spectrum. 


Fourier transforming troncked sinusoidal functions, for 
instance, results in the occurence of large subsidiary 
peaks or sidebands in the final frequency spectrum, but a 
proper choice of W(g) can reduce these by an order of 
magnitude and this is essential if one is to resolve weak 
oscillations in the presence of much stronger ones. The 
W(g) used in this work goes under the name ‘Hanning’ 
and is.' 11 

#»(«) = *( 1+cos ff)' 1*1 <*« <lVa) 

= 0 \g\>g m (IVb) 

For further discussion of this aspect, reference is made to 
the Literature [20-22]. 

So far the data available have been discussed as if it 
were of a continuous nature, but the analysis is actually 
performed by sampling the continuous DHVA data at 
equal intervals of the independent variable, y — MB«, and 
performing the analysis on a digital computer. This pre¬ 
sents no additional conceptual difficulty, but some care 
has to be taken in choosing the interval, Ay, at which 
the continuous data is to be sampled. If the data contain 
frequencies above / c , f c = 1(2 Ay), these will be folded 
back' and appear at some anomalous point in the power 
spectrum. This phenomena, known as ‘frequency aliasing’ 
[20-22], makes it necessary to adjust Ay so no frequency 
which might contribute significantly to the spectrum is 
above f r . 

In practice, both the analog DHVA signal and a voltage 
proportional to the external magnetic field are initially 
samples at equal intervals of time. These points are taken 
dose enough together to allow extrapolation between 
them to obtain the desired points equispaced in the in¬ 
verse magnetic field, withough introducing errors due to 
extrapolation. The autocorrelation function is them cal¬ 
culated at the chosen intervals and a finite cosine series 
transformation made to obtain the final frequency spec¬ 
trum. As the final power spectrum is an average of the 
true spectrum through a scanning function, Qif), of finite 
width, it is only necessary to calculate the cosine trans¬ 
formation at intervals of frequency of the same order as 
the width of the scanning function. The final frequency of 
'power' spectrum has been calculated at intervals of 
l/2Ay in this work. The Hanning Qif) is approximately 
twice as wide as this frequency interval and thus neighbor¬ 
ing values calculated in the frequency spectrum are 
averaged in some sense by the scanning function, while 
all nonadjacent values are essentially independent. 

The final power spectrum is a superposition of both 
signal and noise frequency spectra. Sharp spikes corres¬ 
ponding to the DHVA frequencies together with fluctua¬ 
tions in the noise are superimposed on a smoothly varying 
background noise power spectrum. For discriminating 
between signal and noise the significant measure is the 
size of the fluctuations in the noise compared to the 
heights of the signal spikes. For the case where the noise 
can be approximated as guassian the size of the noise 
fluctuations can be estimated [20], 
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where c if) it the standard deviation of the measurement 
of the noise power and P,(f) is the ensemble average of 
the noise power at frequency, / The ratio, gJG is thus 
seen as the factor which determines how well fluctuations 
in the power spectrum due to noise are eliminated. (In 
cases where more than one experimental record is used to 
calculate the lag-product function. G represents the 
'total effective length' of the record(20|. 

The height of the signal spike in the final power spec¬ 
trum due to a sinusoidal function of amplitude a , is: 

{/>’(?,)) (VI) 


Thus, the signal to noise ratio for such a signal in the 
presence of guassian noise is: 


{PVull 



(VII) 


and is seen to increase with both (1 and g m . 

The increase in signal to noise ratio due to increased 
frequency resolution (i.e. increased g m ), will apply up to 
the point where the frequency resolution of the analysis 
approaches the ‘experimental width' of the signal, while 
that due to increased length of record, G. is theoretically 
unlimited. The actual increase in signal-to-noise ratio 
available from this technique is. thus, controlled by the 
amount of effort one chooses to spend in data collection 
und analysis. 

The DHVA signal obtained from a modulated field 
magnetometer with detection at the second harmonic 
frequency is expressed in equation 2. Thus, the DHVA 
signal is seen to differ from a simple sum of sinusoidal 
terms only in that the coefficients of the sinusoidal terms, 
are not constants, but are functions of the in¬ 
dependent variable, y — 1 /it,,. This presents some com¬ 
plications to interpretation of the intensity of the oscilla¬ 
tions as observed from the frequency spectrum, but as 
long as the o<(y) are smoothly varying functions which do 
not change greatly over the data record the power spec¬ 
trum still lends itself to a simple interpretation. One can 


obtain a relationship between the peak height in the power 
spectrum and the varying amplitude of the corresponding 
oscillatory components. Using the definition of the lag- 
product function from equation (lb) and taking into 
consideration the field dependency of the a,' s one obtains: 




fli(y + g/2)tti(y - g/2)dyJcos 2irF,g (VIII) 
= 2 At(G,g) cos 2 nF t g 

i 

Using the Hanning form of )F(b) and the fact that the 
even character of {/.(g)} reduces its Fourier transform 
to a cosine transformation, one obtains. 



vf,(G>g)^l +cos j^jdg 


(IX) 


for the height of the peak in the power spectrum. 

The relationship can, thus, be calculated for any par¬ 
ticular functional dependency of the amplitude on field. 
To take a simple example, and one which suffices for the 
results presented in this paper, one can approximate the 
field dependency as linear. 


a, = flof + a u y 


(X) 


and in this case 

{/"(/,)) = n, 2 (y)g* 




where aiHy) is the average value of o, 2 (y) over the 
record, [— G/2, G/2] and Aa, is the total change in the 
amplitude over the record. Thus, when gJG < i (the 
usual case) even though the amplitude changes by a fac¬ 
tor of two ov er the record one can repface-the a, 2 in equa¬ 
tion (VI) by u, 2 (y) with an error of less than I per cent. 
For the determination of quantities such as the effective 
mass from DHVA oscillations, as in this work, this error 
tends to cancel since its effect is to shift all points nearly, 
equal amounts vertically on plots such as Fig. 3, which 
does not affect the slope of the line. 
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EFFECT IN SPINEL AND PEROVSKITE SYSTEMS 
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Abstract—Theory of the pair interactions between the octahedrally co-ordinated E„ Jahn-Teller ions 
is applied to the case of the cooperative Jahn-Teller effect. The close connection between the topology 
of Jahn-Teller ions and the character of resultant deformations is illustrated for a spinel and perovskite 
lattices. Linear approximation is used through the paper (anharmonicity of the crystal lattice neglected) 
and only the interactions between nearest Jahn-Teller ions are taken into account. 


1. INTRODUCTION 

In a recent paper the present author has 
studied The interaction between the isolated 
pair of the octahedrally co-ordinated E„ Jahn- 
Teller ions[ 1 ]. It is natural to apply the results 
of this study to an experimentally more acces¬ 
sible problem of the cooperative Jahn-Teller 
effect. 

First, the cluster of Jahn-Teller ions, 
located in an infinite crystal will be considered. 
The results obtained may contribute to the 
understanding of the effects connected with 
the supposed existence of Jahn-Teller ion 
clusters [2], Later, taking into account the 
effect of the free surface, conclusions will be 
made concerning the character of the equili¬ 
brium configurations of the systems exhibiting 
the cooperative effect. It will be shown that 
the different character of the cooperative 
effects in the spinel and perovskite lattices is 
a natural consequence of the topology of 
Jahn-Teller ions (Fig. 1) in these systems. 

With the use of the notation of paper[l] it 
can be immediately deduced from Fig. 1 that 
the configurations of the nearest octahedrally 
co-ordinated ions are of the type A( 1) in a 
spinel structure (fid) configurations are not 
present in this structure), while they are of the 
type fid) in a perovskite structure M(l) con¬ 
figurations not present). 

It was shown in [1] that the interaction 
energy of a A(l) or fi(l)-type pair of Jahn- 


Teller ions may be written in a simple form: 

£j = J 2 sin <p a sin <p b +J 3 cos <p a cos <p/,. (I) 

The angles <p a , <p b determine the configuration 
of the octahedron of the respective Jahn- 
Teller ion. For the quantities J 2 ,J 3 following 
inequalities may be deduced[1]: 

J t ,J 3 < 0 for A (1) configurations (2) 

J-i < 0, J 3 > 0 |y 2 | <§ 7 3 for fi(l) configurations. 

(3) 

The conditions under which (1) is valid are 
summarized in [1]. One of these conditions, 
neglection of the induced interaction, will be 
considered in greater detail in Appendix A. In 
the following analysis we shall suppose that 
it is sufficient to take into account only the 
interaction of those Jahn-Teller ions, which 
are the nearest neighbours in the sublattice of 
the octahedrally coordinated ions. In addition 
to the pair interaction energy, the Jahn-Teller 
anisotropy energy which may be for each 
Jahn-Teller ion approximated by the term 

£„„ = K cos 3<p (4) 

will be considered in the following analysis. 

2. CLUSTERS 

For the characterization of the cluster in 
which the number of Jahn-Teller ions is N, 
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Fig. I. Arrangement of the octahedrally co-ordinated sites in the spinel (a) and 
perovskite (b) structures. 


we shall introduce 3 N occupation numbers 
Zx„ z v i, z tl (j= 1, 2,... N). z x} equals to the 
number of nearest Jahn-Teller neighbours of 
the j-th Jahn-Teller ion, where these neigh¬ 
bours lie in the (yz) plane for the cluster in a 
spinel structure or on the x axis for the cluster 
in a perovskite structure. Analogously are 
defined z vj , z ti . In spinel as well as in perov¬ 
skite structure z aj can acquire three values, 

Zaj = 0 ; 1 ; 2 . 

The total interaction energy of the cluster 
may be evaluated by summing the pair inter¬ 
action potentials [ 1 ]. Taking into account that 
interchanging the coordinate axes is equivalent 
to the substitution -* <p ± 2rr/3 in (1), the 
total interaction energy can be written in the 
form: 

1 " 

C| ~4 S cos 

j-1 r 

(ja~jl) COS (ipj + V’j'+CUa)] 
<5) 

where the second summation is only over the 
nearest neighbours of they-th ion; 

2n 2ir 

w jt- — —. W* = 0. 

It is difficult to minimise the energy [5] for a 


general distribution of Jahn-Teller ions. The 
present author discussed in his PhD thesis [3] 
various types (linear, planar) of the clusters. 
In the asymmetrical clusters the interaction 
energy per one bond may be greater than in 
the symmetrical one. However, the number of 
bonds between Jahn-Teller ions is raised for 
a symmetrical form of cluster. For this reason 
the symmetrical forms should be preferred 
(at least for large N). 

A cluster will be called symmetrical, if for 
any j z X j = z vj = z tj ■ If all octahedral sites 
shown on Fig. 1 are occupied by the Jahn- 
Teller ions, the groups illustrated are examples 
of a simple symmetrical cluster. If only sym¬ 
metrical clusters are considered, it can be 
shown[3], that there are four configurations 
in which the necessary conditions are fulfilled 
for an extremum of the interaction energy. It 
is convenient to use the notation of the 
theory of magnetism (first used in similar 
problem by Kanamori[4], for the extremal 
configurations). Characteristic data for these 
configurations are summarized in Table 1. In 
Fig. 2 extremal configurations, corresponding 
to <pj = 0, are shown for the simplest sym¬ 
metrical cluster in a perovskite structure. It 
is to be noted, that since octahedrally co¬ 
ordinated sites in a spinel structure cannot be 
divided into two equivalent subiattices, only 
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Table 1. Extremal configurations of the symmetrical cluster. Ions j, j' belong 
to different sublattices, z = i 2 Saj is the number of bonds between Jahn- 

aii 

T eller ions 


Type 

Ferromagnetic 

- f - 

Antiferromagnetic 

Notation 
in Fig. 2 

a 

b 

c d 

Extremal 

angles 

Vi = V 

<Pi = <P 

A TT a 7T 

Vi — 0 Vi J 

<pj — 7T tp’j = $7T tp\ — TT (p j = f 7T 

Interaction 
energy ejz 

HJi + Ja) 


h (*^2 i (•/,! — ) 



Fig. 2. Extremal configurations of the simplest symmetrical cluster in a perovskite 
structure pictured for ?! — 0. Meaning of symbols: 1 tetragonally elongated octahedron; 
tetragonally compressed octahedron. 


the configurations a and c may be realized in 
this structure. 

Taking into account the inequalities (2, 3), it 
follows from Table 1 that the lowest energy 
configurations of a cluster in a spinel structure 
correspond to the ferromagnetic case a, while 
for a perovskite structure the ground states 
correspond to the antiferromagnetic case c 
(<Pj = 7t/2). However, the energy difference 
between the configurations c {<fj = tt/2) and b 
is small compared with the total interaction 
energy. 

For a spinel structure the anisotropy energy 
[4] can be taken into account in a simple way. 
The result gives three configurations (all 
octahedrons tetragonally distorted along one 
of the cubic axis), which give the maximum 
gain in anisotropy as well as in the interaction 
energy. 

For antiferromagnetic configurations the 
anisotropy gives no contribution. However, 


the energy of the system can be lowered, if the 
angles <p s , <p'j are slightly changed. This situa¬ 
tion (Fig. 3), is similar to the one described by 
Kanamori[4] and is analogous to the case of 
weak ferromagnetism. 



Fig. 3. Angles specifying the antiferromagnetic configura¬ 
tion before (dotted) and after the anisotropy is taken into 
account. 



128 


PAVEL NOVAK 


For configurations b and c (<pj — zrl2) the 
energy gain and the change of <pj is given by the 
expressions: 


(b) 
Sc (b) 


3 K 
*z(h+h) 


sin 3<p; 


9 K 2 

4 z(72+7 s) 


sin 2 3 >p\ 


8<P,(c) = 7 * 


8«(c) = — 


4 z(h~kh)' 
9 K 2 


4 z(h~UiY 


It is to be noted that the configuration b , 
which has = 7 t/ 2 is stabilized by the aniso¬ 
tropy. 

For extremely strong anisotropy the lowest 
state of a symmetrical cluster in a perovskite 
structure is shown in Fig. 4. Corresponding 
energy is given by the expression: 


ordering of Jahn-Teller distortions, there is no 
net force on the surface of the body, and it is 
therefore not necessary to take the surface 
into account. For the same reason the effect of 
the surface can be neglected in the case of 
uncorrelated distortions or clusters. 

If the distortions are ferromagnetically 
ordered, the total displacement field can be 
formally represented as a sum of the displace¬ 
ment field in an infinite crystal and the dis¬ 
placement field, usually called the image field, 
which arises as a consequence of the existence 
of the free surface[5]. If the body considered 
has a cubic or spherical symmetry, it follows 
from the symmetry of the problem that the 
image part of the energy of the system does 
not depend on the angle >p, which specifies the 
ferromagnetic configuration. Furthermore, the 
image part of the energy is negative (see 
Appendix B), and will therefore lower the 
energy of the ferromagnetically ordered 
system. 


* = -k(h-h)-N\K\. 



Fig. 4. The lowest energy configuration of a cluster in a 
perovskite structure in the case of strong anisotropy. 

3. EFFECT OF A FREE SURFACE 
It is well known that a free surface can have 
a profound effect in point defect problems [5] 
and it is, therefore, necessary to consider its 
role before going on to the discussion of the 
cooperative Jahn-Teller effect. 

Let us consider a body in which the distribu¬ 
tion of the Jahn-Teller ions is macroscopically 
homogeneous. In the case of antiferromagnetic 


4. COOPERATIVE JAHN-TELLER EFFECT 

If the concentration of the Jahn-Teller ions 
in the crystal is high enough, long range order¬ 
ing of Jahn-Teller distortions will appear. For 
the analysis of this cooperative effect the 
results of proceeding discussion of the sym¬ 
metrical clusters will be used. It is an approxi¬ 
mation to suppose that the crystal in which 
only part of the octahedrally co-ordinated 
sites is occupied by Jahn-Teller ions can be 
treated as a symmetrical cluster. With respect 
to the character of the pair interactions[l] it 
is probable, however, that the deviation from 
the symmetrical arrangement of Jahn-Teller 
ions should not cause any substantial changes 
in our results. 

It follows from the discussions of symmetri¬ 
cal clusters and the effect of a free surface that 
the co-operative Jahn-Teller effect in a spinel 
structure will be connected with the tetragonal 
deformation of the crystal lattice. The tempera¬ 
ture dependence of the deformation may be 
easily found using the molecular field approxi¬ 
mation. The results are a classical analogy of 
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the results obtained by Kanamori[4]. The de¬ 
formation is a linear function of the concen¬ 
tration of the Jahn-Teller ions (Appendix B). 

If the anisotropy is neglected, the energy 
of the system is invariant with respect to the 
change of the angle <p. From this invariance 
it follows that a continuous spectrum of low 
lying collective excitations will exist [6]. 
These excitations will be studied in a sub¬ 
sequent paper. 

The anisotropy constant K could be in 
principle determined from the equilibrium 
configuration of a system under external stress. 

Perovskite structures 

Let us consider a system MnF 3 in which the 
arrangement of the octahedrally co-ordinated 
ions is the same as in the perovskite structure. 
Our theory is therefore applicable to this case. 
We expect that the antiferromagnetic con¬ 
figuration denoted as c ( <p= it 12) in Table 1. 
will represent the ground state of this system. 
However, X-ray analysis at room tempera¬ 
ture indicates the presence of the distorted 
antiferromagnetic configuration b, with <p = 
7t/2 [7. 4J. The source of this inconsistency 
may be sought, for instance in the neglection 
of higher order terms in the defect potential, 
or in the anharmonicity of the crystal lattice 
(the energy difference between the ground 
states of h and c (<pj = n/2) configurations is 
small). However, one interesting explanation 
of this inconsistency might exist. As for 
ferromagnetic configuration low lying collec¬ 
tive excitations also exist in the case b (assum¬ 
ing the anisotropy to be small). For this 
reason two configurations in consideration b 
and c (<pj = ir/2) have qualitatively different 
energy level scheme, the density of states in 
case b being greater than in case c (<pj = 77-/2). 
corresponding difference in entropies may 
cause, the configuration b to be realized at 
finite temperature. 

If the theory is slightly generalized to 
include the interactions between more distant 
Jahn-Teller ions, these interactions being 
small compared with the nearest neighbour 


interactions, the presence of various phases in 
the perovskite system La^Cai _ x Mn0 3 can be 
explained[8, 3]. 

It is to be noticed that a detailed theory for 
perovskite systems would be often complicated 
by the existence of the non Jahn-Teller dis¬ 
tortions. 

S. DISCUSSION 

The main achievement of the theory 
presented in [1] and this paper can perhaps 
be seen in the clear demonstration of the con¬ 
nection between the topology of Jahn-Teller 
ions and the character of the resultant de¬ 
formation. The ‘exchange integrals’ J 2 and J a 
can be calculated, as it was shown in [1], for 
given crystal lattice and therefore there is 
a direct connection between the one-ion and 
the cooperative Jahn-Teller effects. Another 
advantage of the presented theory is, that the 
weak and strong anisotropy cases can be 
treated in the same manner. 

On the other hand, the theory suffers from a 
number of simplifications. One of these 
simplifications, which was not mentioned in 
[ 1J, nor in the above analysis, is the neglection 
of the anharmonicity of the crystal lattice. 
This anharmonicity will cause a nonlinear 
dependence of the lattice constants on the 
concentration of Jahn-Teller ions. 
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APPENDIX A 

Effect of the induced interaction 

Let us consider two Jahn-Teller ions a, b located in the 
lattice. If the interaction between ions a, h is switched off, 
the configurations of the octahedrons of these ions are 
characterized by the angles <f£, The expression (1) for 
the iteration energy is valid only if the change of these 
angles due to the ineraction is neglected. If we are inter¬ 
ested only in the energetically lowest configuration of 
both ions, the contribution to the iteraction caused by 
changing ipl, pi need not be considered, as both angles are 
allowed to change independently in the interval (0, 2ir). 
while the interaction energy is minimized. The same 
statement holds for the clusters. The only case in which 
this induced interaction may atfect the configuration, is 
the strong anisotropy case in a perovskite structure 
(Fig. 4). 

Another source of the induced interaction may be a 
nonlinear vibronic coupling. The one-ion effect of this 
coupling is included in the anisotropy energy, the corre¬ 
sponding part of the interaction energy may be determined 
using the expression given by Hardy and Bullough[9] for 
the induced interaction. The nonlinear vibronic coupling 
seems to have little influence on the interaction of an 
isolated pair of Jahn-Teller ions, but it can have a more 
profound effect in concentrated systems. 


F 3 = -^r(—S(r), 
2V3W 


— 8(r), —2—8(r) 

By Bz 


Angle 1 p has analogous meaning as in the discrete theory, 
P is the strength of the Jahn-Teller force. A simple rela¬ 
tion P = aR„ can be deduced, where a is the linear vib¬ 
ronic coupling constant, R 0 is the shortest cation-anion 
distance. 

Let us consider an elastically isotropic sphere, in which 
the Jahn-Teller ions are uniformly distributed. If Jahn- 
Teller forces are ferromagnetically ordered, we can super¬ 
pose the results given by Townsend [10] for defects, 
characterized by one double force. The parts of the strain 
tensor, which correspond to an infinite medium (e“) and 
to the effect of a free surface may be expressed 

in the form: 


. = /f(isin^ + ;i-cosy>); 


, = A ^ sin p 4- Arcos = - 


V3 


cos <p 


8^+3*.^<14*^ 


K + 2fi 15/r 


2 8/r + 3A 


APPENDIX B 

Elasticity treatment oj the Jahn-Teller effect 
The deformation of a crystal caused by one Jahn-Teller 
ion can be simulated by the effect of a point defect which 
is characterized by three orthogonal double forces. The 
force per unit volume can be written as: 

F, = sin ip . Fj +■ cos p F, 


n is the density of Jahn-Teller ions, ti and A are the shear 
and Lame elastic constants for an isotropis media. The 
part of the energy density, which is caused by the presence 
of a free surface, can be written as: 


('"• = - n 2 P 2 


14|it-t-9A 
6(V( A + 2p.) 



e™ is negative and does not depend on p. Similar analysis 
can also be done for nonspherical samples. 
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Abstract-The phonon dispersion relation has been measured for sodium chloride at room tempera¬ 
ture for waves propagating along the symmetry directions [00£], [£{0J, and [{£{) by slow neutron 
inelastic scattering using the Materials Testing Reactor three axis spectrometer. These data are in 
reasonable agreement with the low temperature (80°K) data obtained by Almqvist el al. and with the 
X-ray scattering data of Buyers and Smith. The shell model has been fit to the present data using a non¬ 
linear least squares routine with the fourteen parameter version giving the best overall agreement when 
the fitting to the elastic constants is also included. In the text comparison is made with a seven para¬ 
meter rigid-ion model along with eleven and fourteen parameter versions of the shell model. The four¬ 
teen parameter shell model has been applied in calculating a frequency distribution from which the 
Debye temperature was evaluated for comparison with thermodynamic data, and the combined 
density-of-states distribution was computed and compared with second order Raman scattering data, 
both with good agreement. 


INTRODUCTION 

During the past ten years there has been a 
considerable amount of research done on 
phonon spectra by the method of slow neutron 
scattering, and these investigations have en¬ 
compassed most of the different types of bind¬ 
ing that are encountered in solids. Ionic 
crystals are undoubtedly the best understood 
of the different types, and more specifically 
the shell model has been applied with con¬ 
siderable success to the alkali halides [1]. 
This model is expressed in terms of the long 
range Coulomb forces and the short range 
repulsive interactions in the solid and allows 
for the polarizability of the ions. Until the 
present measurements were undertaken it 
appears that sodium chloride had not been 
considered seriously for phonon studies, 
presumably because of the unfavorable neu¬ 
tron absorption cross section for chlorine 
(33-6 bam) and the low Debye temperature 


‘Work done under the auspices of the U.S. Atomic 
Energy Commission. 


(320°K) for the solid. The specific interests in 
sodium chloride at this time are related to the 
fact that it is used for pressure calibration in 
the high pressure neutron diffraction [3] experi¬ 
ments at the Materials Testing Reactor (MTR) 
and also because of an interest in developing 
the experimental and computational tech¬ 
niques for use in studying other materials 
having the same crystal structure, such as 
uranium carbide. The phonon measurements 
are also expected to be helpful in evaluating 
the Debye-Walier factor for accurate inten¬ 
sity calibrations in the diffraction experiments. 

In the present work we have made slow 
neutron inelastic scattering measurements in 
the (110) plane of NaCl using a three axis 
spectrometer installed at the MTR[3] to ob¬ 
tain phonon dispersion relation data for the 
symmetry directions [00£], [££0] and [£££]. 
These data have been compared with the low 
temperature dispersion relation data of 
Almqvist et al.[4] and also with the X-ray 
scattering data of Buyers and Smith [5] and 
were found to be in good agreement in both 
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cases. A seven parameter rigid-ion model and 
several versions of the shell model have been 
fitted to the data. The eleven parameter shell 
model fits the neutron data satisfactorily, but 
fourteen parameters are necessary if the elastic 
constants are to be fitted in addition to the 
neutron data. Based on the results of fitting the 
fourteen parameter model to the data we have 
calculated the frequency distribution and a 
two phonon combined density-of-states 
distribution which includes sum and overtone 
frequencies, both distributions being evalua¬ 
ted by the extrapolation technique of Gilat and 
Dollingf6J. The frequency distribution has 
been used to calculate 0„ which was compared 
with derived from experimental specific 
heat data[7] and found to be in agreement in 
the neighborhood of room temperature. The 
combined density of states distribution has 
been compared with the second order Raman 
scattering data of Welsh ct al. (8] and found to 
be in very good agreement. 

EXPERIMENTAL METHOD ANI) RESULTS 
The fundamental basis for using slow neu¬ 
tron inelastic scattering to study the normal 
modes of vibration in a crystal has been 
discussed by a number of authors and will 
not be elaborated on here[9], Experimental 
measurements were made on a NaCl single 
crystal using a triple axis spectrometer instal¬ 
led at the HT-I south beam port of the MTR. 
The sample was a Harshaw crystal with purity 
99-997 per cent and dimensions 3^x l|x£ in. 
in the form of a rectangular parallelepiped. All 
crystal surfaces were parallel to (002) planes. 
No special effort was made to measure the 
mosaic spread of the sample, but from the 
data obtained in orienting the sample it is 
estimated to be less than 3 min of arc. 

The sample crystal was oriented so that the 
(110) mirror plane was parallel to the scatter¬ 
ing (horizontal) plane of the experiment. In 
this configuration it was possible to experi¬ 
mentally investigate all phonon branches for 
the [001] and [111] directions of wave propa¬ 
gation and 4 of the 6 phonon branches for 


wave propagation along the [110] direction 
with only the transverse branches having their 
polarization normal to the scattering plane 
being excluded for the latter direction. The 
symmetry directions [001], [110] and [111] 
for which measurements have been made are 
also referred to as A, 2, and A, respectively 
[ 10 ]. 

The spectrometer which was used in the 
experiment consists of two separate units: 
(1) a shielded monochromator facility which 
was used to obtain a diffracted monoenergetic 
beam for the experiment; and (2) a sample 
platform and energy analyzer unit which were 
mounted on a large diameter rotary table. 
Because of the lack of coupling between the 
two units all measurements were made using 
the same incident neutron energy of 54-2 meV. 
A beryllium crystal with a mosaic spread of 
12 min (on the (0002) planes) served as mono¬ 
chromator giving a beam intensity at the 
sample position of 5xl0 B neutrons/cm^sec 
and the (III) planes of an aluminum crystal 
were used for the analyzer. The sample orien¬ 
tation angle, scattering angle, analyzer arm 
angle and analyzer crystal angle were control¬ 
led by Slo-Syn stepping motors through worm 
gears which permitted angle changes in incre¬ 
ments of 0 01° for the first three angles and in 
increments of 0 005° for the last angle. Beam 
collimators with a horizontal angular diver¬ 
gence of 30 min were positioned between 
monochromator and sample and between 
sample and analyzer crystals. 

All data were obtained with the spectro¬ 
meter operated in the constant Q mode using 
a preset monitor scaler to control the duration 
of the count on the analyzer arm for each 
spectrometer setting. This method requires 
changing the sample, scattering and analyzer 
angle settings for each energy that is observed 
in such a way that the momentum transfer 
remains constant. Angle settings for the 
constant Q runs were generated by a compu¬ 
ter program. At the start of a run the spectro¬ 
meter angles were set manually and then ad¬ 
vanced automatically from one setting to the 
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next after each counting period, using a drum 
programmer to introduce angle correction 
instructions to control circuits for stepping 
the angle drive motors. 

The dynamic structure factor gj 2 ((j,f) has 
not been evaluated for NaCl. Instead we have 
used the results of Woods et al.[ 1] for Nal as 
an approximation, with good results. The only 
difficulties encountered were in connection 
with the longitudinal optical modes which 
generally gave broad resonances of low inten¬ 
sity. Because of the presence of incoherent 
scattering from the sample which gave an 
energy dependent background to the scatter¬ 
ing data, care was exercised in evaluating the 
data, and special background runs were taken 
to aid in this evaluation. Background data 
were obtained by taking constant Q scans in 


w,k space as close as possible to the region 
in which a particular mode was investigated 
yet removed far enough that the polarization 
factor (Q-£) ruled out the possibility of observ¬ 
ing ' one phonon coherept scattering. For 
example, the transverse optical branch A s 
(TO) was mapped along a line in k -space given 
by (3,3,1 -£) while a background scan for the 
same branch was obtained at the point 
(3-2, 3-2, 1) in k- space. With the background 
scans taken in this way the spectrometer angle 
settings closely approximated the settings used 
during the phonon scans, and the background 
data were subtracted directly to correct phon¬ 
on data taken at small £ and used as a guide in 
evaluating the background for measuremepts 
made at larger £. Figure 1 shows the data 
obtained in four separate phonon scans, each 






v ( units of to' 2 sec"') 



•v« 


Al LO), 11.1.5-50) 


• • 


L y-6.32^ 








v (units of tO 12 sec"') 

Fig. 1. Examples of neutron scattering data obtained in constant Q scans for the present 

experiment. 
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made in the constant Q mode. Generally 
speaking the transverse modes gave sharper 
peaks than the longitudinal modes, and in the 
case of the LO modes it was difficult to identify 
the resonance data from background in many 
of the scans. The A, (LO) mode in Fig. 1 is 
one of the better LO scans. Data from one 
of the background scans are included with the 
A s (TO) mode in the figure along with the 
results of subtracting the background. 

The dispersion relation data are displayed in 
Fig. 2 for the three symmetry directions, the 
transverse modes as round points and the 
longitudinal modes as diamonds. Errors on 


values being due to a remeasurement and re- 
evaluation of many of the modes. The discrep¬ 
ancies were apparently due to poor initial 
alignment of the spectrometer as this was the 
first experiment undertaken with a three axis 
spectrometer at the MTR. A value has not been 
reported for the L(TO) mode because of strong 
interference from the L(TA) mode which made 
it difficult to evaluate. Also included in the 
table are the data of Almqvist et al.[ 4] for 
measurements at 80°K. The present data run 
2-3 per cent lower in frequency than the 80°K 
data except for the modes r(LO), A'(LA) and 
A'(TA). The general trend of the room tempera- 


Sodium Chloride Dispersion Relotion, 300°K 



Fig. 2. Phonon dispersion relation for sodium chloride along the symmetry directions indicated in the figure. 
The solid (dashed) curves represent a fourteen (eleven) parameter shell model which was fit to the data. 


the data points are generally in the range 2-3 
per cent excepting the longitudinal optical 
modes for which the errors are larger. In 
Table 1 we have compiled a list of the various 
mode frequencies observed at points of 
high symmetry in the Brillouin zone. The 
frequencies listed in the table vary somewhat 
from the values first reported! 11], the new 


ture data is in the direction one would expect, 
and considering the errors quoted the overall 
agreement is good, including the excepted 
modes. 

Very good agreement is obtained comparing 
the T(TO) mode with the reported value of 
the infrared absorption frequency [12] of 
4-92 x 10 12 sec -1 . Further, the square of the 
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Table 1. Observed phonon frequencies for certain 
symmetry points compared with the low tempera¬ 
ture data of A Imqvist et al. [4] 


v(units of 40 ” see -1 ) 

Symmetry - 

point Mode This experiment, 300°K Almqvist et al. 80°K 


T TO 
LO 

X LO 
TO 
LA 
TA 

L LO 
TO 
LA 
TA 


4- 90 + 010 
7-85 + 0-20 

5- 46±0-12 

5- 22 + 0-10 

4- 28 + 0-08 

2- 60 + 0-07 

6- 77 + 0-20 

5- 22 + 0 10 

3- 53 + 0-08 


5-17 + 0-03 

7-83 + 0-06 
5-79 + 0-03 

5- 41 +0-03 

4-23 + 0-016 

2- 63 + 0-016 

6- 89 ±0-06 

4- 28 ±0-03 

5- 36 + 0-03 

3- 63 + 0-03 


ratio of the f'(LO) to f(TO) mode frequencies 
is 2-57 which compares very well with the 
ratio of the static to high frequency di¬ 
electric constants112] (€#€«,) — 2-56 indicating 
that the Lyddane-Sachs-Teller relation [13] 
[Wo/J'ro} = Uole«,} m ] is well satisfied. 

The jc’s displayed in Fig. 2 are the results 
of X-ray scattering measurements by Buyers 
and Smith [5]. Very good agreement is obtain¬ 
ed for the TA[00£] branch while only fair 
agreement is observed for the [£££] LA and 
LO branches. 


, MODELS 

The data obtained in the present experiment 
have been compared with several lattice 
dynamics models. With one exception these 
models are variations of the dipole approxima¬ 
tion or shell model, details of which have been 
discussed by a number of different authors. As 
applied here we refer specifically to the work 
by Cochran et al. [14] on lead telluride, the 
work by Cowley et al. [15] on sodium iodide 
and potassium bromide, and the theoretical 
paper by Cowley [16]. In the first two of these 
references additional parameters are introduc¬ 
ed which are not generally included in other 
work while the third reference gives consider¬ 
able detail for the matrices which appear in 
the dynamic equations. 


The equations of motion for the shell model 
have been given by the above authors in 
matrix notation as: 

nvu J U = (R + ZCZ)U + (T + ZCY)W, 

O = (T r +YCZ)U + (S? + YCY)W, 
yCL o{uk') = S^Ikk')^ 6 afl 8 KK .{^-f (T 0 J,KK) q ~„) 

( ^aa ( ^ v- 0 ) } 

In these equations the matrices R, T, and S 
specify the short-range ion-ion, ion-shell and 
shell-shell interactions respectively while C is 
the Coulomb matrix for the long-range inter¬ 
actions. Matrices m, Z and Y are diagonal 
matrices representing the mass, ionic charge 
and charge on the shells while U and W are 
the displacement vectors for the ions and 
shells respectively. The constant k K is the 
spring constant coupling ion core and elec¬ 
tron shell charges for the *th atom while 
the indices a, /3 denote cartesian coordinates. 
In most cases in which the shell model has 
been compared with experimental data the 
assumption has been made that the short- 
range forces act entirely through the shells 
resulting in the condition R = T = S. In the 
work by Cowley et al. it was assumed that the 
S matrix was of the form S = y,R which 
introduced another adjustable parameter into 
the problem. Then in the work by Cochran 
et al. the restriction that the T matrix be 
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symmetric with respect to the ions was relax¬ 
ed through the introduction of the parameters 
/3 t< 12) and 0^21). In comparing the present 
data with the shell model we have employed 
these additional parameters y„ fiA 12), and 
/3j<2 1) or in briefer notation y, /8( 12) and0(21). 
A recent variation of the shell model is the 
breathing shell model [17] (BSM) in which 
new cordinates are introduced which allow 
for the compression of the electron shells. 
Dolling et al. in their work on LiF [18] applied 
the BSM and discussed it qualitatively, indi¬ 
cating that it is merely another phenomeno¬ 
logical variation of the shell model. Rather than 
include the BSM we chose to compare the 
present data with versions of the shell model 
employing the parameters indicated above. 

Model parameters were evaluated using a 
non-linear least squares program! 19) which 
fit the models to the dispersion relation data 
and in addition to the elastic constants and 
high frequency dielectric constant. Because 
the neutron scattering data were not all 
obtained with the proper interval on the 
phonon wave vector as required by the least 
squares program, smooth curves were drawn 
through the data points for some branches and 
the frequencies read off at the appropriate q 
values. Errors assigned to these frequencies 
were estimated in terms of the errors on near¬ 
by data points, and for the longitudinal opti¬ 
cal modes large errors were assigned so that 
the LO data were given very little weight in 
the least squares analysis. Several experimen¬ 
tal determinations of the elastic constants of 
sodium chloride have been made recently [20], 
and because of differences in the values repor¬ 
ted we have arbitrarily averaged these sets of 
data. Values assigned to C,„ C,* and C 44 in the 
program were 4-94 ± 0 05, I-28 ±0-05 and 
1 *280±0-011 respectively, all in units of 10" 
dyne-cm~ 2 . 

In Table 2 we have listed the final parameter 
values for three of the models which were 
evaluated. Model I is a seven parameter rigid- 
ion model, model II, an eleven parameter shell 
model and model III, a fourteen parameter 


Table 2. Parameter values for three models 
which were fitted to the dispersion relation 
data. The values quoted for the dielectric 
constant and elastic constants are those 
predicted by the models, and v refers to the 
volume of the primitive unit cell 


Parameter 

units 


Model 


I 

11 

III 

A 


(<’72r) 

6-276 

10-264 

5-885 

B 


(<’72t>) 

-0-127 

-0-971 

-0-734 

A' 


(<’72 r) 

0-750 

-0-427 

0-106 

B' 


(<’72t>) 

-0-140 

0-022 

-0-122 

A" 


(e‘Hv) 

0-646 

0-597 

1-581 

B " 


(<’72t>) 

-0-003 

-0-025 

0-241 

/. 


V 

0-630 

0-968 

0-664 

«l 


(lit) 


0-011 

0 

d, 


e 


-0-035 

-0-019 

tt -1 


(\lv) 


0-058 

0-079 

d. 


e 


0-194 

0-054 

y 





-4-191 

(8(12) 





10-921 

0(21) 





-1-889 

X 



2-82 

M3 

0-950 

€ 



1(H) 

2-19 

2-30 

c„ 

10' 

1 dyne cm - 

5-021 

5-149 

4-964 

T12 

I0 1 

1 dyne cm - 

1-164 

1-164 

1 -259 

c» 

to* 

1 dyne cm' 2 

1-250 

1-371 

1-291 


shell model. Also listed in the table are the fit¬ 
ting error x- the calculated value of the high 
frequency dielectric constant e (to be com¬ 
pared with the experimental value of 2-3 U, 
and the calculated values of the elastic cons¬ 
tants. Model I gave generally poor results in 
comparison with both the dispersion relation 
and elastic constant data. Inclusion of the 
electrical and mechanical polarizabilities for 
one or both the sodium and chlorine ions gave 
improved fits to the data, but the difficulties 
experienced with the rigid-ion model of fitting 
to both the neutron scattering data and elastic 
constants seemed to carry over to the shell 
model as well. Model II represents a fit which 
was obtained after increasing the errors 
assigned to the elastic constants so that these 
data were given less weight in the fitting pro¬ 
cess, and therefore, comparison of the calcu¬ 
lated elastic constants with the values quoted 
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in the previous paragraph should not be taken 
too seriously. 

In Fig. 2 the results of both models II 
(dashed curves) and III (solid curves) are 
compared with the dispersion relation data 
from which it can be seen that there is very 
little difference between the calculated fre¬ 
quencies of the two models for these symmetry 
directions. The results of fitting model II 
display features similar to those found in other 
experiments on alkali halides[15], namely 
that the electrical polarizabilities are shared 
more equally than expected and that the mech¬ 


anical polarizability of the sodium ion is 
negative. In going to model III, the additional 
parameters y, /3(12) and /3(21) were introduced 
which improved the fit in that good agreement 
is obtained with the dispersion relation, dielec¬ 
tric constant, and elastic constant data. As 
evidenced in Table 2, the addition of the last 
three parameters has caused considerable 
change in the values of the other parameters, 
and made the physical significance of the 
model more obscure. The constraint placed 
on model III of having to satisfy the elastic 
constants as well as the neutron scattering 



0 1 2 3 4 5 6 7 

V ( umis of I0 IJ sec' 1 ) 

Fig. 3. Frequency distribution of sodium chloride based on the fourteen parameter shell model (III) calculated using the 
extrapolation method of Gilat and Dolling. Singularities labeled in the figure can be related to specific modes in the 

dispersion relation as discussed in the text. 
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data appears to be reasonable in view of the 
agreement at low q of the neutron scattering 
data and velocities determined by ultrasonics. 

CALCULATIONS BASED ON MODELS 
A. Frequency distribution 
Based on the fit which was obtained for 
model III we have calculated the phonon fre¬ 
quency distribution using a computer program 
which is based on the extrapolation method of 
Gilat and Dolling[6). The frequencies and fre¬ 
quency gradients have been determined for 
977 reduced wave vectors in three subsec¬ 
tions for i of the Brillouin zone. Frequencies 
in the distribution are sorted in a histogram 
plot with a channel width of8p = 0-005 x 10 12 
sec -1 and are displayed in Fig. 3. With this 
narrow channel width the histogram plot is 
essentially a smooth curve. Particular singul¬ 
arities in the frequency distribution which 
have been numbered 1 through 4 have been 
correlated with the modes TA(A'), TA(L), 
TO(L), TO(F) and LAG,), respectively, the 
latter two modes both contributing to singul¬ 
arity number 4. (The point 2, occurs at £ = 


0-60 along the 2 direction.) The other singular¬ 
ities relate to directions other than those for 
which measurements were made. 

B. e 0 

From the frequency distribution which was 
obtained from model III we have evaluated 
0„(T) which is shown as the solid curve in 
Fig. 4. The calculated 0 O (T) is compared with 
the 0 O of Morrison and Patterson [7] which 
was determined from their specific heat data 
for bulk NaCI. The disagreement at low tem¬ 
perature is in the direction one would expect 
from using a frequency distribution applicable 
at room temperature, while the agreement 
near room temperature is very good consider¬ 
ing the low value of 0 O and that no corrections 
have been made for anharmonic efFects. 

C. Combined density of states 

In the same program which was used to 
compute the phonon frequency distribution 
the capability existed for evaluating the two 
phonon density of states. For each point q in 
the Brillouin zone for which the frequencies 



Fig. 4. Temperature dependence of the Debye temperature based on the calculated 
frequency distribution 9„ (calc.) compared with the same quantity determined in the 
experiment of Momson and Patterson [7] 0 o (exp.). 
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0 2«6eC«W« 


V ( units of to'* Me"') 


Fig. 5. Combined density of states distribution for sodium chloride based on the fourteen parameter shell model which 
includes summation and overtone frequencies. The singularities indicated in the figure are discussed in the text where 

comparison is made with Raman scattering data. 


were determined the sum i>j+ was formed 
for all pairs of modes including the self 
terms (J = /). These sum frequencies which 
include all summations and overtones were 


then sorted into a histogram with a channel 
width 0-01 x 10 ,2 sec~'. 

The resulting density-of-states (CDS) 
distribution g(v } +v r ) is plotted versus the 
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sum frequency in Fig. 5. A considerable 
amount of structure is exhibited in the CDS 
spectrum, and the four arrows in Fig. 5 in¬ 
dicate structure (overtones) which relate 
directly to critical points in the single phonon 
frequency distribution and observed mode 
frequencies for the symmetry directions of 
this experiment. The CDS spectrum can be 
compared with the spectrum obtained in 
second order Raman scattering although not 
directly due to experimental conditions and 
selection rules which apply to Raman scatter¬ 
ing. In general the second order Raman spec¬ 
trum is expected to have less structure than 
the CDS spectrum due to these selection 
rules, and experimental conditions may bias 
that Raman spectrum which is observed. 
Because of small differences between the 
observed mode frequencies and the frequen¬ 
cies computed using model III we have used 
the observed frequencies listed in Table I for 
making a detailed comparison with the second 
order Raman scattering data of Welsh et al. 
Results of this comparison are summarized in 
Table 3. Agreement is quite good, being 


Table 3. Comparison of second-order Raman 
scattering data [8] and neutron scattering 
data for NaCI 



Raman 


Neutron 

oi(cr') 

v( I0 IS sec •' 

) v(10 lz sec 

') Mode 

415 

12-44 

12-75 

(TO+LOHI) 

346 

10-37 

10-44 

2TO(X), 2LA(L) 

314 

9-41 

9-50 

(LO+LAKY) 

299 

8-96 

9-05 

(LA + TO r ”)(X,) 

285 

8-54 

8-56 

2LA(Y) 

275 

8-24 

8-24 

2TO(L) 

256 

7-67 

7-82 

(TO+TAKY) 

234 

7 01 

7-06 

2TA(L) 

174 

5-22 

5-20 

2TA(Y) 


within 1 per cent on all but two of the transi¬ 
tions. The data are all related to phonon 
modes which correspond to either the point 
F or zone boundary points X and L except for 
the assignment of (LA + TO 1 ”) which 


occurs at £ = 0-6, i.e. at the maximum in the 
2, longitudinal acoustic branch. 

SUMMARY 

The dispersion relation has been measured 
along the three principle symmetry directions 
for sodium chloride at room temperature. 
These data are in good agreement with X-ray 
scattering data and low temperature neutron 
scattering data. A fourteen parameter version 
of the shell model which was fit to the data has 
been used to generate a frequency distribution 
and combined-density-of-states distribution. 
From the frequency distribution the B,> 
parameter was calculated which agrees fairly 
well with the same parameter derived from 
specific heat data. Finally a comparison was 
made between the critical points in the com- 
bined-density-of-states distribution and sec¬ 
ond order Raman scattering data for sodium 
chloride. 
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Abstract—The elastic constants of single crystals of Dy and Ho have been measured from 330° 
to 1-5°K. The moduli at 0°K, obtained by extrapolation, are used to calculate the Debye temperature. 
If, of the two materials. Values obtained are for Dy, $ = 183°K and for Ho, If — 188-5“K. These are 
compared to the values of 0 obtained from specific heat measurements. 


INTRODUCTION 

The Debye temperature, 0, although based 
on sweeping assumptions about the frequency 
spectrum of the lattice vibrations in a solid, 
nevertheless provides a useful means of 
comparing the thermal properties of different 
solids. 8 can be evaluated from the elastic 
constants at 0°K. from: 



3 q Np 
4v M _ 


1/3 


V,n 


( 1 ) 


where h is Plank’s constant, k is Boltzmann’s 
constant, N is Avegadro’s number, p is the 
density, M is the molecular weight of the solid, 
q is the number of atoms in the molecule and 
V m is the averaged sound velocity given by [ 1 ] 



where V„ V 2 , are the three sound veloci¬ 

ties in an arbitrary direction in the material. 

Values of 6 obtained from the elastic con¬ 
stants should agree with those obtained from 
the specific heat at low temperatures. 

In the heavy rare earths, the total specific 
heat C p at low temperatures has four different 
components, the lattice specific heat C L , the 
electronic specific heat C E , the magnetic 
specific heat C w and the nuclear specific heat 


C N . Difficulties are encountered in separating 
out the individual components from C p , 
particularly in separating C M from C,, since 
the exact temperature dependence of C M is 
unknown. This has unavoidably led to a lack 
of knowledge of 8 for the heavy rare earth 
metals. This problem is further complicated 
by the fact that the total specific heat results 
obtained by different investigators differ 
widely; in the case of dysprosium, by factors 
of two or more at 4°K [2], 

A direct calculation of 8 from the elastic 
constants at 0°K avoids these difficulties and 
is also insensitive to any small errors in the 
individual elastic constants. 

The original specific heat measurements on 
dysprosium by Spedding et at. [3] indicated 
that 0=158°K. These measurements, 
however, extended only to 15°K and the 
authors seem to have taken a value for C B 
which is now known to be too low. If this were 
corrected, their value for 8 would increase. 
More recent work by Dreyfus et al.[ 4] 
yielded a value for 8 of 207°K. However, their 
analysis assumed that C M = 0 and the reliabil¬ 
ity of this estimate is thrown into doubt by the 
measurements of Lounasmaa et at. [5-7] which 
indicate that this assumption is not justified 
and at 4°K could affect the calculated 8 
appreciably. 

In 1964, Lounasmaa[8] argued that the 
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Debye temperatures of the rare earth metals 
could be calculated by a linear interpolation 
between the O 's for lanthanum, at the begin¬ 
ning of the series, and lutetium at the end. 
This argument was based on the velocity of 
sound measurements of Smith et al.[ 9] who 
found that at room temperature the 0’s for all 
the trivalent rare earths followed a straight 
line when plotted against atomic number. This 
yielded for Dy a value for 9 of 186° ±5 K. It 
seems likely that the Debye temperature 
should increase on progressing through the 
series because the atomic distances become 
smaller and the bonding strength between 
atoms increases as the heavier members of the 
series are approached. However, the more 
recent work of Lounasmaaand Sundstrom[5] 
indicates that the O 's for the heavy rare earths 
could all be about the same value and that 
Dreyfus’|4] original estimate of 6 for dys¬ 
prosium is of about the correct magnitude. 

The evaluation of C, and hence 0 for hol- 
mium is further complicated, firstly by C s 
which is appreciable up to 10°K and by C. w 
which, in Ho, dominates C„. Early specific 
heat measurements by Spedding et al. [10] 
yielded a value of 0 = 161°K for Ho. Dreyfus 
et al. [ 111 arrived at a value of 6 = 114°K from 
the combined lattice and magnetic specific 
heat. Lounasmaa’s interpolation leads to a 
value of 0= 191 0 ±5°K. 

In view of the present confusion over these 
Debye temperatures, it seems that values 
evaluated directly from the elastic moduli 
at 0°K would be useful. Elastic constant 
measurements have been made by Rosen [12, 
13] on polycrystalline material at 4-2°K for 
most of the rare earth metals. He obtained 
Debye temperatures of 178°K. for Dy and 
195°K for Ho. Estimates of 0 from poly¬ 
crystalline data are complicated by the 
dependence of the sound velocity on size of 
crystallite, especially where the grain size is 
of the order of the sound wavelength. Poly- 
crystalline specimens have to be very care¬ 
fully prepared to ensure a uniform isotropic 
density close to the single crystal density. 


Also polycrystalline samples of Dy and Ho 
can never be magnetically saturated due to the 
magnetically hard hexagonal axis. Hence the 
AE effect cannot be eliminated. 

The present work extends the elastic 
constant measurements to single crystals, 
eliminating any crystallite size effects. The 
single crystals can be saturated by applying a 
magnetic field along the easy direction in the 
basal plane. 

EXPERIMENTAL 

The dysprosium and holmium single crystals 
were purchased from Metals Research. They 
were of 99-9 per cent purity starting material 
and were grown by a floating zone technique 
using r.f. heating. The five independent 
elastic moduli of the hexagonal close packed 
rare earths were measured by a 15 Mc/s ultra¬ 
sonic pulse-echo technique[14] from 330° to 
l-5°K. The detailed elastic constants will be 
published elsewhere! 15). The elastic moduli 
were measured in an applied field of 25 K.Oe. 
to eliminate the large contributions due to 
domain and spin rotation effects below the 
Neel Temperature. The values at 0°K were 
obtained by extrapolation. 

RESULTS 

The five independent elastic constants at 
0°K for both Dy and Ho are listed in Table 1.. 
The estimated experimental error in these 
values is 0-5 per cent. The 0’s were evaluated 
from the moduli in Table 1 by two separate 
techniques. 

The first used the simplified method due to 
Anderson [16], Here, the single crystal 
moduli are used to evaluate the polycrystalline 
moduli using the Voigt[ 1 ] — Reuss[ 1 ] — Hill 
117] — Gilvarry [18] approximation. This then 
allows a simple estimation of the mean sound 
velocity V m provided the density of thematerial 
is known. The densities at 0°K were calculated 
from the most suitable data in the literature 
[19-22] and are listed together with V m in 
Table 1. 

The 0’s were also calculated using a velocity 



DEBYE TEMPERATURES 


145 


Table 1 



Elastic moduli at 0°K and 

Density 

Mean 



H, pp . = 25 K.Oe. 


at0°K 

sound velocity 

Metal 


( 10 “ dynes cnr*) 


(g.CUT'’) 

( 10 * cm. sec* 1 ) 


Cu 

C 44 C 12 



■ .. - -- -- 

Dy 

8-104 

8-506 2-677 3-740 

1-875 

8-575 

1-941 

Ho 

7-990 

8-223 2-847 2-660 

1-845 

8-840 

1-988 


averaging computer programme similar to that 
of Robie and Edwards[23]. Briefly the method 
involves evaluating the three independent 
sound velocities for an arbitrary direction, 
storing them and repeating the process for a 
large sample of directions throughout space. 
A numerical summation is used in place of the 
volume integral in equation (2). The summa¬ 
tions were made using intervals of 5° in 0 and 
</>the polar angles. (The difference in 0 obtained 
by using AD = A<f> =■ 2° rather than AD — A<f> = 
5° was of the order of 01 per cent). These 
calculations were made using an l.C.L. 1905E 
computer. 

The values obtained for D from the two 
different methods for both Ho and Dy are 
shown in Table 2, where they are compared to 
those of other workers. It can be seen that the 
simple Anderson method leads to a value for 
D in close agreement with the computed one. 

DISCUSSION 

The values for 0 obtained here are in reason¬ 
able agreement with those of Rosen, and seem 
to favour the interpolation approach of Loun- 
asmaa yielding a Debye temperature increas¬ 


ing with atomic number. However, results on 
gadolinium, terbium, erbium and thulium will 
be necessary to confirm this. 

The computer technique allows us to exam¬ 
ine the variation of the three wave velocities 
with propogation direction. The results for 
Dy and Ho are very similar in that the materials 
are very isotropic in a plane containing the 
c-axis and the basal plane. (The elastic moduli 
for a hexagonal system are isotropic in the 
basal plane.) The three wave surfaces for Dy 
in the (100) plane are shown in Fig. 1. This 
isotropy is surprising in view of the large 
anisotropy present in the magnetic properties 
of these materials. Anderson points out that 
his simplified method of calculating 9 only 
breaks down for highly anisotropic materials; 
the accuracy of this approach in our case seems 
to be due to the absence of anisotropy. 

At the very lowest temperature - 0 001°K, 
where the phonon frequencies are too low for 
domain wall movement to occur then it seems 
that it is the elastic constant values at zero 
field (i.e. / = 0) that are appropriate. How¬ 
ever, using these values makes very little 
difference to the values obtained for 9 for Ho. 


Table 2. Comparison of Debye temperatures for Dy and Ho 
from both elastic constant and specific heat measurements 


Present work 


0 8 9 9 8 

(Anderson’s (Computer (Lounasmaa 

Metal approximation) programme) (Rosen) interpolation) (Dreyfus) 


Dy 183-0°± 1-0°K 182-8° ± 1-O'K 178°K )86°±5°K 207°K 

Ho 188-5° ± 1-0°K 188-5°± )-0°K )95°K 191°±5°K 114°K 

[12,13] [ 8 ] [4,11] 
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Fig. 1. Cross section of the wave velocity surface in the (010) plane of dysprosium calculated 
from the elastic constants in Table 1. 


The zero-field results could not be obtained for 
Dy because of ultrasonic couplant problems. 

The transition to ferromagnetism in these 
materials is accompanied by a 1 per cent strain 
to an orthorhombic structure. We have ignored 
this in our elastic constant measurements. 
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Abstract— The methods of constructions of Wigner corepresentations in all those cases which can be 
met in considering all 674 magnetic space groups, are discussed. In order to use known tables of 
the irreducible representations of usual space groups, it is necessary to change the description of many 
magnetic groups. All cases of such changes are considered in detail. The examples of direct calculations 
of corepresentations are given. 


1. INTRODUCTION 

Irreducible representations of the magnetic 
space groups are used to obtain physical 
consequences from the magnetic symmetry of 
crystals with non-vanishing current density. 
Representations consist of all (or nearly all) 
information about the magnetic symmetry and, 
besides, in a form which is the most suitable 
for physical applications. Magnetic space 
groups (1191 Shubnicov groups) have been 
found[ 1.2]. In these groups the antisym¬ 
metry operation is not an element of the 
group itself, but inserts as product by any 
geometrical symmetry operation (rotation, 
rotatiqn with inversion, translation). In 
physics, the antisymmetry operation corres¬ 
ponds to the time reversal operation R:t 
— t. In particular, the operation R changes a 
sign of the magnetic moment. The representa¬ 
tions of such group considering as a set of 
operations of the geometrical and time sym¬ 
metry, obviously coincide with those of the 
space group which is obtained if the operation 
R is replaced by the identical operation in 
the magnetic group (‘isomorphism’ noted by 
Indenbom[3]). The representations of all 
space groups are presented in [4, 5]. 

However, for quantum-mechanical prob¬ 
lems these representations are not to be 
used, but the representations of groups of 
operators g which are corresponded to opera¬ 


tions of the geometrical and time symmetry 
and are defined over functions i jj which are 
the solutions of Schrodinger or Pauly equa¬ 
tions [6]. These equations must be invariant 
with respect to those operators. If operation 
R is not taken into account, the group of 
operators for Schrodinger equation is iso¬ 
morphic to that of the geometrical symmetry 
of physical system, and the group of operators 
for Pauly equation is isomorphic to that of 
two-dimensional unimodular unitary matrices 
[SU(2)]. Odd representations of unitary 
group is called “double-valued” representa¬ 
tions of geometrical operation group. In 
accordance with Wigner theory[7], when the 
time symmetry is taken into account, it is 
necessary to confront the operation R with 
time reversal operator 0. According to this, 
the magnetic group reflect oneself over the 
group G + Gd of operators, half of them 
containing 6. Since the operator 6 is anti¬ 
unitary, the group G + Gd contains both 
unitary g and antiunitary Og operators. These 
last contain complex conjugate operation. 

Let us note that for Schrodinger equation 
9 2 — 1 and for Pauly equation 6 2 = — 1. 

Operators g form a unitary subgroup G of 
the group G + Gd■ Matrix forms of operators 
defined over the wave functions tj>, which are 
the solutions of correspondent equation, are 
called corepresentations. Under the time 
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revcrsaling and the rotating and reflecting 
allowed by crystal symmetry the wave func¬ 
tions are transformed by corepresentatio_ns. 

The corepresentations of group G + GS are 
constructed with usual irreducible representa¬ 
tions of the unitary subgroup G. In the present 
work we shall show how one can (1) use 
known representations of the space groups 
[5] for obtaining those of unitary subgroups 
G and (2) carry out real construction of the 
corepresentations. We will limit ourselves to 
those 674 magnetic groups, in which the 
operator 0 is contained as a product by the 
rotation operator or rotation with inversion 
operator. For such groups the chemical and 
magnetic unit cells coincide, and operators g 
and g are different. Further, the operators g 
or g and antiunitary operators Og will be called 
simply “elements” and “antiunitary elements”, 
respectively. Any point operator h t will be 
called “rotation”. 

The method of constructing the corepre¬ 
sentations of such groups is based on follow¬ 
ing simple speculation. The unitary subgroup 
G of a magnetic group is any usual space group 
G' which, of course, is in the list of all space 
groups. Since the representations of all space 
groups are known [5], we shall use them for 
constructing the corepresentations. I n accord¬ 
ance with it, we shall denote sometimes the 
magnetic group by two symbols G'(// j )[10], 
the first being Shoenflies symbol of a space 
group G + G and the second (near the 
brackets) being that of a unitary subgroup. 
So, for instance, 0„ l (0') is the magnetic 
group which reduces to O h x in replacing R 
by unity; O 1 is the unitary subgroup of 
O h l (O l ). Analogical symbols are used for 
denoting of magnetic classes. 


J. UNITARY SUBGROUPS AND THEIR 
REPRESENTATIONS 

Here we shall show how it should des¬ 
cribe the group G + G6 and the unitary sub¬ 
group G of this group to coincide G with a 
space group G' from the group list[5] and to 


use then the representations of the group G’ 
for constructing those of G. 

We suppose that the description of a mag¬ 
netic group is known in some kind. It means we 
know all symmetry elements g and g. The 
set of these elements forms a usual group 
G-f-G which is in the space group list[5]. 
The elements of every space group in[5] have 
been described as (a ( //i ( ) where h, and a t 
is the rotation and the subsequent translation, 
respectively. Under such description all axes 
and planes intersect in one point (point group 
center). This point is chosen as an origin of 
Cartesian coordinate system. Every rotation 
h, inserts into the group description the only 
one time. The translations a, associated to 
rotations are defined by the position of the 
coordinate system origin in the crystal cell. 
If the coordinate system origin is displaced 
be a vector R, a space group takes up other 
description, that is, an element (ajh,) must 
be replaced by an element ( ftjhl ) where 

p ( = a ( + h i R-R = a i + y ( . (1) 

Here h,R the vector to which vector R is 
changed under the operation h,. The rotation 
h’t is made around a new coordinate system 
origin. For the consecutive application of an 
element g, and then g their product corres¬ 
ponds 

ggi — (alh)(a x lh x ) = (a + hajhh t ). 

The product table of rotations /t, is in [5], 

Further we shall deal with “small” repre¬ 
sentations of the wave vector Kj group G Ki . 
Let us remind, that group Gkj consist of 
elements of G, which being applied to K s 
produce hiK } that differs from Kj not more 
than by a translation of the reciprocal lattice. 
The representations t(g t ) and tt( g t ) of the 
group Ggj is called “small”. Side by side with 
them loaded representations t(/j ( ) = exp 
a iMg<) and 7r(/i,) = exp [iKj, a ( ]7r(g ( ) are 
introduced[8,5], It is very important that 
matrices of loaded representations of elements 
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gi and (ajgi )—where a n is lattice translation— 
are identical. Our aim is to obtain loaded repre¬ 
sentations of G with the help of loaded repre¬ 
sentations of G' for all vectors Kj which form 
Brillouin zone. 

Let us deduce a formula, needed below, 
showing how the loaded representation is 
changed under displacement R of the co¬ 
ordinate system origin. It is clear that matrix 
r(g f ) assigned to element g, does not depend 
on the choice of the coordinate system origin. 
Therefore, if (a,//*,) and (fit/hl) is the same 
element described in the different coordinate 
systems, exp [— iKj, a ( ]T(/i f ) = exp f— iK } , 
) where r(h,) and r'(h'i ) are matrices 
before and after displacement, respectively. 
Using (1), we have 

T'(/»,') = X,T(/l,) 

it'(hi) = K,ir(h,) ( 2 ) 

where A, = exp [iK,, y t ]. The factor A, is the 
same forR and R + «„. since 

( K r h,a„-a n ) = {hr'Kj-Kj.a„) 

27 TS tntr 

Later on we shall suppose that G + G has 
description as it is in [5J. Therefore, for the 
use of rules given here the reader must des¬ 
cribe the considered group with regard to[5]. 

As it turned out for aims of the present work, 
it is suitable to change some of the data[5] and 
add something. This is done in the Appendix. 
So §1 contains the description and repre¬ 
sentations of groups Did 10 : §2 contains the 
description of the lattices l’,„ and ISome 
corrections of [5] (Russian edition, 1961) 
are in §7. 

We shall show further how it should 
identify the groups C and G' and deter¬ 
mine representations of G. We shall pick 
out three essential different cases which, in 
his turn, are divided into subcases. 

Case A 

Magnetic classes of cubic, hexagonal, 
trigonal system and magnetic classes D 4A (C 4fc ), 


D 4 h(Civ), D 4 (C t ), £)jtrf(5 4 ), 
C 4 a(C 4 ), C 4 *(S 4 ), C 4c (C 4 ), Dth(Ct v ), 

C2a(G 2 ), C 2h {C,), C,(Co). 

Group G + G and subgroup G considered 
as a some space group belong to the same 
system and have the saine type of Bravais 
lattice. For all systems except orthorhombic, 
which we consider apart, a set of rotations h t 
of G coincides with one of some group G'. 
The group G' should be sick among groups 
of the same lattice T and the same class G 
which the group G belong to. However, the 
description of G can appear different than that 
of G' in [5]. There are the following possible 
cases. 

A-l. There is a group G' among groups of 
corresponding lattice L and class G, the de¬ 
scription of which differs from that of G no 
more than by the lattice translations for 
vectors a f . It is clear that G = G'. Loaded 
representations t(h f ) and n(h t ) of the group 
G Aj of vector K,. adduced in [5] for the group 
G', are those of t(h { ) and p(h,) of the group 
G hJ of the same vector K, for the unitary 
subgroup G. 

A-2. For the group of lattice F and class 
G in the list[5], there is no description that 
coincides with that of G in sense discussed 
above. In this case, in order to identify G 
with some group G' of the class G in the 
list [5], it should change the description of 
G' in just degree by displacing of the co¬ 
ordinate system origin by a vector R in latter. 
Let us show how one can determine the vector 
R and the group G'. Let us assume we have 

p groups C;.C;.G^ of class G and lattice 

F in the list [5]. Choosing generating elements 
in a class G (that is, such ones which gener¬ 
ate the group G by multiplying), let us then dis¬ 
place the coordinate origin in the groups 
Gl„ by a vector R. The description of these 
groups must be changed and new translations 
fi im associated to rotations h t in elements 

fttu. 

Ptm = a lm + /iR - R ( m= 1,2, ..../>; 

«= 1,2. q) 
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where a, m is the translation associated to hi 
before displacement. Demand now fi tm = 
a t + a„ where a, is the translation associated 
to hi in G and a„ is a lattice translation which 
can be different for different /. We shall 
obtain p systems of equations, the total 
number of equations in everyone being 
q. Only one of them is compatible. The 
group G' m , corresponding to a compatible 
system, must be identified with G. In order 
to make the description of G',„ coincide with 
that of G with accuracy to the lattice transla¬ 
tions, we must displace the coordinate origin 
in G'„, by a vector R determined from this 
compatible system. The following rule is 
useful, helping to determine R and G m : the 
displacement of the coordinate origin along a 
symmetry axis or reflection plane do not 
change the translation along these elements. 
Formula (1) allows verification of this rule 
and deduction of other ones, but we do not 
consider it here. 

Example I. Magnetic group D„ 3 (D :I ”), I’,,. 
With [51 D fi :l = G {h,. (4a7/u). 

{a‘/hn), (3a'/h ul ), (5a'//i, 2 )} + G{ (a'/h-t), 
(3a'lh t ), (5 a’/hj, h 7 , (2a'/hi,), (4a'//?,,)} 

where 

— (0,0, tJ3. 

O 

It is easy true, if we displace the coordinate 
origin in the group £> ; , 5 [5] by a vector R = 
-a'l 2, its description will coincide with that 
of G, hence D 3 " = D 3 5 . Loaded representa¬ 
tions of G are obtained with those of Df in 
[5] by multiplying them by factors A f . For 
instance, for K = Jh 3 , A, = A 3 = X R = I and 
X« = A, 0 = X t2 = e m ' 8 = v. Using, with Ref. 
[5J, 7 18 we find the representations t (hi) 
and /(£,) of G 

hi h 3 ft.", h H A, 0 h i2 

t 1 1 V s v* v v 9 v* 

t 2 1 V s V* V 1 V 3 v" 

/I0\ /10\ / TON (0e\ /0v\ /Q v \ 

\oi/ \oW \oW \vo) vo; voj 


A-3. Magnetic class D 2/1 (C 2 „), lattices r 0 , 
r B », L/. In [5], the only one variant of the 
space group description of class C 2v has been 
given. Nevertheless, the groups of this class 
allow six variants of the description differing 
from each other by the orientation of the axis 
C 2 and the reflection planes respect to co¬ 
ordinate axes (variants, corresponding to the 
same position of axis C 2 , can coincide for 
some groups). In real magnetic crystal, axis 
C 2 of subgroup G has been oriented definitely 
along x, y or z axis. It should be compared to 
the description of G with those two descrip¬ 
tions of the group in which axis C 2 has 
been oriented along the same coordinate axis. 
Therefore, it is convenient to have five more 
variants of the group C 2( . description, besides 
that given in [5], One can obtain them from 
the description cited in [5] by formal replacing 
rotations and translations for every element 
g apart with agree Table I. 

Table 1. Six variants of the class 
C 2l group description, the lattices 
I’oJoMV. U, L) Q re 0 or 1 in the 
description of groups C 2v n in [5] 

Tx, Ty, r z are half-periods along X, Y, 

Z axes; h, is rotation 

h, )t a h„ !' 2 -„, V;,T Z ) 

G-jJlc, X h 4 h‘i 7 7j-. ) 

Gj|| x.a h 2 h t7 h w (kjTj., v,t u , v z t,) 

C 2 \\x.b h 2 h 2K h 27 U> 3 t s , v z t u , 

Q||v,a h 3 h w h m (^r z , iv», ^ ( T r ) 

C.,]\y,h h 3 h 2H h 1H (v,T x , v 2 t 7 ) 


Example 2. Magnetic group 
C 2 ||x. L 0 . It follows from the description of 
D\ h in [5j that G = C!f{h u h 4 , (0,(),T z /h. 27 ,h 2H )}. 
With agree to the third and fourth rows of 
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Table 1, we replace h t , /i. 2S , h„ by /t 2 , h 27 , h w 
(a) and by h 2 , h 2S , h 27 (b) in all ten groups of the 
class C 2t ,. Accordingly, we replace transla¬ 
tions. In particular, we obtain two new de¬ 
scriptions for O iv : {A„ (0,r„,0 lh 2 ),h 27 , (0,t„, 
0/A,,)} (a) and [h„ (0,0,x*//j 2 ), h 28 , (0.0, tJ 
h 27 )} (b). If we now carry out the displace¬ 
ment by R — (0,0,tJ2), the latter is described 
as {A,.A,. (0,0.x Jh 2R ), (0,0,x Jh. 27 )}. With 
the accuracy to the lattice translations, it 
coincides with the description of the subgroup 
G = G 2 ,„that is, n = 4. 

If in G C 2 ||y, it should be realized the 
replacements with agree to the fifth and sixth 
rows of Table 1. If in G C 2 ||z, one must use 
the description given in [5] and that, which 
we will obtain from it with the help of the 
second row of Table 1. 

In order to obtain representations of groups 
G, one should have representations of G 2l . 
class groups for all six variants of the de¬ 
scription. For the description given in [5] 
representations are in |5], For other variants 
of description representations are in Appen¬ 
dix §3. Obviously, the loaded representations 
t and n of G' are bound up with t and p of 
G on formula (2). 

Let us obtain t of D5 ( ,(C 2| ) for the vector 
K,, = lA^t+Hba + bj). In this case R = 
(0,0.x J2). It follows from appendix (C 2 ||jc, 
h , Ci r ) that the set 7M2 is bound up with K,, 


712 h x h 2 h 2H h 27 



Since A, = exp [iK.h, R — R], we have A, = 
X 27 = 1 and X 2 = \ 28 = —/. Hence, the loaded 
representations of G are equal to 

hi h 2 h 2t i h 27 


" a (o'- 0 ,) a t°/o) 

A-4. Magnetic class D 2h (C 2v ), lattice 


r 0 \C 2 1 | z. The group G is identified with 
groups C\\ MM in the way of A-l or A-2, the 
group Cg, allowing two descriptions which 
are different from one another by the orienta¬ 
tion of the glide plane respect to the coordinate 
system. One of them is given in [5] (a), another 
is following: C 2 ‘iH/t,,A 2Y ,(0,0,T*//r 4 ,/i M )} (b). 
The description of G should be compared 
with both, since, if G is Cg, its description 
differs from (a) or (b) only by shift of the 
coordinate origin. The loaded representations, 
corresponding to these descriptions, are 
identical. C 2 ||t. In the way A-l or A-2, G is 
identified with one of groups 
described in [5], 

C 2 |j y. In the way A-1 or A-2, G is identified 
with one of groups C 2 f- 151 ®- 17 described in 
Table 2. The representations of groups 
£14.15.16.17 (j a ble 2) are given in Appendix §4. 


Table 2. The description of groups C l 2 t' 7 


Group 

Type 

*3 



eg 

r * 

1 0 




Cg 

r * 

* 0 


Tj .00 

Tj.00 

eg. 

r b 


OOt, 

OOt, 

eg 

r b 

1 0 


Tj-Ot, 

t *0t. 


Case B 

Systems 5 and S', which the magnetic 
group belongs to. are different. For instance, 
the group C 4 2 (C 2 ") belongs to tetragonal 
system and the group C 2 " belongs to mono¬ 
clinic one. In any list of the space groups, as 
in [5], groups G + G, which we must identify 
with the subgroup G, are found in sections 
with different lattices F and I” or, as we shall 
speak, G + G refers to lattice F and G refers 
to lattice F'. It connects with the rule (not 
proved, but also, apparently, not be broken), 
according to which, any space group is realized 
in nature with the least symmetrical lattice, 
allowing its constructions. It is the rule which 
the distribution of the space groups over 
lattices conform to. In our case^the elements 
of G form a subgroup of G + G. Here, they 
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are realized with lattice T, since G + G refers 
to I'. However, if these elements do not form 
a subgroup of other group, but are considered 
as some space group G', then G' must 
refer to lattice P. In above example, C 4 2 
refers to lattice r„ however, C 2 " should be 
referred to lattice F m or I’V Thus, two prob¬ 
lems arise. One of them is to determine the 
lattice F to which the group G' refers; the 
other is to choose the basic periods in such 
a way that their arrangement with respect to 
the coordinate system is the same, as in P. 
After solving these problems, it is possible 
to compare the subgroup G with groups, 
referring to the lattice P. The system S' of 
the group G' is determined in the simple way. 
since G and G' refer to the same class, that 
is, G = G'. To determine F one can use the 
following consideration: F is obtained from 
F as a result of such infinitesimal deformation 
which transfers the crystal from the system 
S to system S'. In given example, the rotation 
of the vector a, of the lattice T, by an infini¬ 
tesimal angle in the plane z - 0 results the 
lattice r m (latter T w \ thus, fall away). Com¬ 
paring now elements of G = Ci n {h u (0.0, tJ 
h 4 )} with elements of class C 2 of the lattice 
T m , we see that C 2 " = C 2 2 . 

Below we shall show the accordance F —* 
T' and those combinations of vectors a, which 
must be taken as basic periods a\ of the 
lattice F. 

If periods a! of F do not coincide with 
periods a t of T, then reciprocal lattice vectors 
hi and b { will not coincide also. In connection 
with this, the same Brillouin zone point is 
expressed by vectors b, and b', in a different 
way. From relations between a', and a, these 
follow for b\ and b t . These last are adduced 
also. 

B-l. Letters of rotations h, of the subgroup 
G coincide with those of class G groups in 
[5]. Magnetic classes C 4r (C 2h ), C„(C 2 ), 
C 2 >,(Ci), C,(C 0 ), D 4h (\D, lh ). 
C^flCgp), D 4 (ID 2 ), D 2 „(1D 2 ), D 2d (lC 2 „). 
CVCo), where the figure I means that sym¬ 
metry axes and planes of the subgroup G 


coincide with coordinate axes and planes, 
the T, and F/ orienting with agree [5]. The 
accordance T -*■ F' is following. For C 4h (C ih ), 
C 4 (C 2 ). 5 4 (C 2 ), C 2 „(C 2 ), C»(C t ), C,(C 0 ), 

C 2 (C 0 ) 

r m i 

TmiFm* r t2 , a, = a[,bi = b[ 

r 0 6 -r m J 

r q v , Fo" -*■ IV. a 2 + a 3 = a [, - a 2 - a 2 , a, = a ' 3 , 
b, = b 3 , b 2 = b[ - b 2 ,b :i = b[. 
T m 6 , a 3 = a [, a 3 a 2 — a 2 , a , = a 3> 

b 4 = bib. 1 =-blb 3 = b[ + b! i . 


For D 4h (\D 2h ), C 4l ,(lC 2 „), D 4 (\D 2 ), 

D 2d (lD 2 ),D 2rf (lC 2 „) 


r, 

17 


r v\ a i = a' t ,b, = b[. 


If the group G now are considered as 
referring to the lattice with periods a[ % its 
description may differ from that of some group 
in [5], referring to the lattice F', only by a 
coordinate origin displacement. The displace¬ 
ment vector R is determined in the way pointed 
out in A-2. 

Example 3. Group C* 4h ( C 2h ), F/. In accord¬ 
ance with [5] d,, = G{h u h 4 . (0, t. t 2 /2|/j 25 , 
h 2H )} + G{h :lg . b- M . (0, r, T z l2\h, 4 . h l3 )}. Intro¬ 
duce new periods a\ = a 2 + a 3 — (t,t,t 2 ) + 
(r.T.fj) = (2x.0.0), o 2 = o 2 = (f, t,tJ, a' = 
a, = (t, t.Tj), as it pointed out in the above 
list. Hence, it appears (0 ,t,t*/2) = + 

i(a 2 — a',). In accordance with A-2, for groups 
Cl* and Cth referring to the lattice IV, we 
obtain two systems of equations 


(I) 

(II) 


b 4 R R — a '„, 

h 25 R —R = a'„ 2 + ia'i +i(a 2 — a 3 ) 
h 4 R-R = a' nl 

ia'j + h 2s R — R = a' n2 + ia[ +i {a 2 — a 3 ) 


One makes sure that system (II) has solution 
R = i{a' 3 — a'i). Therefore, n = 6. 
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Example 4. Group D 4 10 (1D 2 ”), I'/. In 
accordance with [5] 

D 4 '° = G{hi, h 4 , (0.r.r^2/fc,.A,)} 

■+■ G{h 43 , h le , (0, t, Tj/2//?,.,, /i 15 )}. 

It follows from the list that one should com¬ 
pare the group G with groups of the lattice 
IV. Periods of ry are considered to coincide 
with those of IV (for this, it is necessary to 
put t t = t„ = r in ry). If we displace the 
coordinate origin by the vector R — (0,r/2, 
r,/4) in 7> 2 9 . we shall obtain the description 
of D 2 9 as following D/{h t , (0.2r,0/h 4 ). 
(0,t,t ? /2|/j 2 ), (t.0, Tj2\h :i )} which differs 
only by the lattice translations from that of 
G. Therefore, n = 9. 

It is possible to determine easily the small 
representations of the subgroup G with the 
help of above adduced lists. Let us interest 
the representation bound up with the vector 
K = p,b, + With the help of 

obtained formulae in the list, we express 
Kj by vectors b,. We have K = p\b\ + p 2 b 2 + 
fjL-jb'i. In [5], we find the loaded representa¬ 
tions of the group G' bound up with this 
vector. Multiplying them by factors K t = 
exp [iK, y f ], where y, = b,R — R. we obtain 
the loaded representations t of the group G. 
The same is true for p. 

As an example, we will construct some 
representations of groups considered above. 

Group 'C% (C§ A ), ry, R = i(« ; ;-a 2 ). Let us 
take, for example, K = iu.(b, — b 2 ) +%b :i (K = 
K h for Ty). In accordance with the list, we 
replaced, by b] and obtain K = /x(i>'jH- b!, — b',) 
+ W\- Loaded representations of this vector 
for r m 6 [5] coincide with those r and it of 
vector /a, bi + p(b 2 + b- 4 ) (this is K x for TV) 

72 /i. h w P2 /,, h 2H 


T 1 1 1 IT 1 1 i 

T 2 1—1 TT 2 I ~i 

Since y, = 0, y 2K = i(a 2 — a' A ), then A, = 1, 
A 2H = e ,, ’ r/4) = 5. Hence, it appears 


hy /tjg hy lljg 


t l 1 8 p 1 1 8 s 

t 2 1 8 5 p s 1 8 7 

From them, the small representations are 
obtained 

Pi #2« Pi Pi* 


/ 1 1 8V p 1 1 8fi' 

t 2 1 BY p 2 1 BY 

where p,’ = exp [—i'tt/j,]. 

Group 7> 4 10 (1D 2 9 ). ry, R = (0, f/2, fJ4). 
Here b t = b'j ; therefore, the loaded representa¬ 
tions of the unitary subgroup bound up with a 
vector /C. are obtained from those of group 
Z) 2 9 bound up with the same vector. For 
example, let K = p.(h, + b 2 — b 3 ) + %b 3 . In 
accordance with [5], the loaded representations 
724 and 724 have bound up with this vector 

724 /j, h 4 P24 hy h 4 


t‘ \ i tt' 1 I 

T 2 1 / 7T 2 1-1 

Here y, — 0, y 4 = (0, r, 0) and A, = 1, A 4 = /. 

Therefore, 

Ih b 4 h, h 4 


t 1 1 - 1 p 1 1 i 

t 2 lip 2 1 -i 

Since for £> 4 10 (1D 2 9 ) g 4 = h 4 then small rep¬ 
resentations are equal to ones loaded. 

B-2. Rotations h of the subgroup have been 
denoted not the same way as it has been done 
in groups of class G in [5]. Magnetic classes 
C 4t ,(2C 2t ,), D 4 (2D 2 ), D 2d {2C 2v ), 
D ld ( 2D 2 ). The figure 2 means that symmetry 
axes and planes oriented at an angle of 45° 
with respect to axis x. Tables 3, 4, 5 contain 
the description of all subgroups allowed in 
this case. Appendix §5 contains their repre- 
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Table 3. The description of groups C^- ,3 ' ,IU9 


Group 

Type 

hi 

^37 

^40 

cj{ 

i; 




i'MJI 

V'Si; 

i. 


00r, 

OOt, 

a? 

IV 




v ir 

if 





Tabic 4. The description of groups D%- e - 7 


Group 

Type 

^1.1 


hi 

JV 

i; 

OOt, 


OOt, 

/V 

T. 




D. T 

IV 





unitary subgroup representations, the more 
so, as it can be applied to case both magnetic 
groups and usual space groups (in [5] the 
method is not given). 

In a group G, let us select elements g t = 
(ajh,) which do not change the vector K or 
add to it the reciprocal lattice vector. The set 
of these elements forms the group 6\ of the 
vector K. If g, = ) and g K = ( a K /h K ), 

then matrices of loaded representations 
satisfy the relation 

t(/i,)t(/i A .) = % K t(h,h k ) 

where = exp [t(/f — h t ~'K, or*)] and K — 
h,~'K is the reciprocal lattice vector. Cal¬ 
culating for all g from C, K and using the 


Table 5. The description of groups 


Group 

Type 


h ](, hi 

^25 

h v 

^40 

bin 

m 

DU 

l\ 

f* 



00t. 

OOt. 

OOt, 

OOt, 

DU 

1 ii 



ttO 

ttO 

ttO 

ttO 

DU 

DE 

Li 

IV 



T7T, 

TTT. 

ttt. 

ttt. 

DU 

IV 



07 1 



0t T 


sentations. Subgroups G were denoted in 
the same way, as groups G' of orthorombic 
system which the subgroups may be identified 
with. In real magnetic crystal, the description 
of the subgroup G differs from that of corres¬ 
ponding subgroup in Table 3 no more than by 
a coordinate origin displacement. The com¬ 
parison of subgroups and obtaining of the 
loaded representations is carried out by 
analogy with A-l or A-2. 

Case C 

Magnetic classes D 2 „(C 2 „), D,(C 2 ), 

C 2 ,.(C»). It turned out that the description 
of ways of obtaining the representations of 
subgroups G from those of groups G' are 
bulky. In this case, it is more expedient to 
give the method of direct constructing of the 


product table of h, [5], we compose the product 
table of matrices t(/i,). With the help of it, 
the matrices t(h f ) are determined. Selecting 
the simplest sets of figures or matrices, satis¬ 
fying the product table, we obtain irreducible 
representations. 

Irreducible representations p(A ( ) are deter¬ 
mined in the same way with the difference that 
some must be multiplied by —1, as it 
pointed out in the product table in [5]. 

Example. Group I 0 , C>||y. In 

accordance with the description of D f* 
[5], G = Cgtfh,, (0.0 (tj-. t,,. 0/A zs ), 
('r r ,T„,T 2 //i 27 )}. Let us consider K = 

The group G K consists of all elements of the 
group G. It is true that y 3 , z5 = 'J' 3 . 27 = % szs = 
^27.27 = ~ 1; the rest ofty,* is equal to 1. 

Taking into account product rules of rota- 
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tions h (see [5]), we will obtain the product (c) Representations A(j?) and A(g) are 
tables for andp(/i,). inequivalent, but ~K(g) is equivalent to some 


t(A.) 

t(h 3 ) 

t ( ^25 ) 

t(h 17 ) 

p(/i,) 

P(h 3 ) 

P(/l2 5 ) 

1 

p(h 27 ) 

t(h 3 ) 

t (h,) 

— t(h 27 ) 

-t (h K ) 

P(*s) 

~P(/i,) 

-p(h 27 ) 

P(/l*s) 

t(/ 125 ) 

t(bn) 

-t(hi) 

— t(*s) 

p(M 

P(/l2 7 ) 

-P(/1,) 

-p(/i 3 ) 

t(h 2 f) 

t(^2s) 


M/i,) 

p(M 

-P(/I 25 ) 

P(/l.l) 

-p(hi) 


The only matrices of order two can satisfy 
such tables. 

/)] h :l h 2 r, h 2 7 


other representation of the group G K , for 
example A'(g) = p~'A 2 (g)p. Two representa¬ 
tions A'(#) and A 2 (g) form one corepresenta¬ 
tion 


• P (o' 0 ,) (Vo 1 ) Q 
- P (oV) (Vo') (£) 

3. COREPRESENTATIONS OF GROUPS G h . K 
Corepresentations of group (7 K ,_ K are 
constructed with the irreducible representa¬ 
tions of the group G K . There are three types 
of corepresentations {g 0 K — — K + b). _ 

(a) Representations A(g) and A (g) = 
A*(g„- , gg„) are equivalent, that is, A(g) = 
/}~'A(g)j3 the matrix (3 satisfies the equation 
(3(3* = A(0 2 g„ 2 ). Corepresentation D is con¬ 
structed by formulae [7] 


D(g) = A (g),D(gO) = A(gg 0 1 )/3 


where g and g0 is unitary and antiunitary 
element of G Ki , respectively. 

(b) Representations A(g) and A(g) are 
equivalent, but matrix /3 satisfies the equation 
PP* = — A (0 Vo 2 ) • Then 


Kg) \ 0 A(g)J’ 

afi\ — ( ® WgR* 



V o p-'AHg)/})’ 

D{gO) = 


o A'(gg<fl 2 )) 
'AHggo-'),8 


o ;• 


In order to determine the type of the co¬ 
representation, it is convenient to use the 
criterion [9] 


5 = |S ex P [-/-K.(a+/?a)]x[/i 2 ] 


1(a) 

-Kb) 

0(c) 


where summation is over all different rota¬ 
tions hi associated to antiunitary elements 
g8 = (a/hO) of the group G k ,-k\ h and x is 
number of rotations and matrix character of 
a loaded representation, respectively; k = 1 
for t and * = — 1 for p. 

The matrix p is determined by foregoing 
relations, being enough to consider only 
those which generate the group G K . 

Example. D 8 3 (D 3 5 ), K — ib 3 . The descrip¬ 
tion of the group is in example 1. In the group 
G k ,_«, rotations h u h 4 , h B , h n associate 
to antiunitary elements. One can calculate 
the summation 5, as is shown in Table 6. It 
follows from the table that S, 1 = A, 2 = 0 and 
S t 3 = 1, that is, /' and f 1 form the type (c) 
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Table 6. The calculation of sum S. a' = (00(r*/3)); 
w _ ^kit/3). a + ha is translation associated with h 2 ; x t / is 
matrix loaded character of representation t 



hi 

h. 

h« 

h 7 

K 

h,i 

V 

h-s 

h i 

hi 

h, 

h, 

hi 

a + ha 

2a' 

6c*' 

10a' 

0 

0 

0 

exp [- ik.a + ha] 

w* 


w 

1 

1 

1 

X,' = X , 2 

w* 

l 

w 1 

1 

1 

1 

xf 

w 

2 


2 

2 

2 


corepresentation and t 3 forms the type (a) 
corepresentation. Let g n — ft* = Cia'lh 4 ). 
Then g„-’ = (3a'//j 4 ). Productions gg 4 and 
gg 4 _1 , where g is element, belonging to set of 
Cl, are given in Table 7. For corepresentation 


Corepresentations with p are constructed in 
the analogical way. 

4. CONCLUSION 

If element 6 is added to the magnetic group. 


Table 7. The productions gg 4 and gg 4 -1 



S, 

Si 


Si 

Su 

Si i 

SS, 

s*r‘ 

Si 

(-a-i/g.0 

Uhl Si) 

Si 


(-a.ilsu,) 

Kw 

(-a,lg u ) 

Kvjt 

S* 

(ajg») 


D '■* formed by one-dimentional representation 
P and p, 1 3=1. For D'\ matrix /3 is deter¬ 
mined by equations 

m = L/3/3* = = /*(«,) =- L 

Since gr'tfag* = g 3 and g 4 ''g„g 4 = (-« :t /g„), 

then we have 



Finally, matrices of corepresentations are 
(for some elements) 



8:i 

Uh 

ft id 

fith 

D' 2 


(o-°.) 

(-To) 

Q 

D 3 

/e la 0\ 

/01\ 

/°e 2 \ 

C) 


\io/ 

\p 10 0/ 


it results in a neutral group in which elements g 
and g0 are contained together. In many cases, 
the neutral group is a group of the chemical 
symmetry of the crystal and coincides with the 
whole group of a magnetic crystal in the non¬ 
magnetic phase. Corepresentations of some 
neutral groups were considered in [ 11,12, 13].- 
Thus, the transition from the nonmagnetic 
phase to the magnetic one are accompanied 
by lowering of the symmetry and, possibly, 
partial or whole splitting of the energy-levels. 
To determine the splitting, it should be com¬ 
pared with the corepresentations of the neutral 
group with those of the magnetic group. 

Later on, authors intend to publish co¬ 
representations of all neutral and magnetic 
groups. 
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APPENDIX 

4 1. Description and representations of V 

Both groups contain rotations h l . h SK , h t . h 39 . h w . h. 10 . h ,,. h 21 : for D 2d a, = 0. for Z>j5«m.2K.i:i ■? = (0.0. r,), Repre¬ 
sentations; K t , K„- 10. K t , K 3 , K s - 0. K 7 - 130. K — 171. K„-3. K,„- 11. K 12 - 117. K u - 172. K ]t . K l3 - 131. 

42 . 

F„ -a, and a 2 are in plane z = 0, a 3 = (0.0. 2t 2 ). I' m ‘— «i is in plane z = 0; a, and « 3 symmetrically arranged with 
respect to plane Z = 0. 

43. Representations of groups of class C 2v , lattices IV, l'„ v 

C 2 /(C 2 ||z, b) K„ K 2 . K„, K ia . A, 4 , K„-9. A" 3 , K<, A'„ A',,,. A,„ A 12 - 10. K„ A'„-0. A„, K,„-K. M - II. 

C s s ;?(C 2 ||z, b). A„ A 2 , A h , K n . K», K n - 9. A 2 . A 7 , A,„, K n . K n - 10. ^5' A H —0. Ay, A JH , Ajy, A 20 , Aj^, A 24 1 !• 

Am A ]8 , A 21 , A 23 , A 2a , A 2fi — 345. 

C? r (C 2 ||z, 6). A 1# A 2 , A*, /C l3 , A J4 , A 15 -9. A 3 , A 4 , A 7 , A 10 , A n , K x2 - 10. A,, A fi -0. A«, A 19 , A’** —II. 

A lfl , A 20 , A 24 - 346. A J7 , // 25 , A 26 - 13. A*. A 2l , K u - 345. 

CJtfC,|| a). An A 2 -0. A 3 , A 4 , A*. A lfl , A 17 , A w - 10. A 5 , A fl , A H , A 13 , A l4 , A„-2. A 7 , A 1() , A m A,*, /C 19 -/C 26 - 30. 

A, f A 2 —0. K,. A 4 , K v , K ie -K lH - 10. A a . A fi , A*, A IS -A IS - 2. 

A 7 , A 12 * Ai»* A 2 «, A„, A 24 30. A|y» A M , A 2i , A 23 , A 23 , A 2 « 63. 
C&iNCj X, </). An A 2 -0. An An A H , A^-A,*- 10. As, A 6 , A K , A l3 -A ls -2. A 7 , A lt , A 20 - 30. 

A, 0 » A 2 n A 2S — 63. A n , A 23 , A 28 — 340. A 42 , A 22 , A 24 — 341. 
Cj?{C 2 1) x, b). Aj, A, -0. A a , A 4 . A„, A 15 -A„ - 10. A 5 . A e , A*, A 13 -A 15 - 2. A 7 , A 10 . A J9 -A 2J . A 25 - 30. 

Am Aj 2 , A w -A 14 , Ajg — 341. 

C 2 V°(C 2 |U, />). An A 2 -0. A 3 , A 4 , A 9 , A ltt -A IB — 10. A s , A«, A 8 , A 13 -A 1B -2. A 7 , A 19 , A 2O -30. 

Ajo* Ajj , A 2 5 — 63. Ajj, Ajs, A 2 b“ 340. Aj 2 » A 22 » A 24 "" 341. 

Qi?<C 2 1| y, ^), Ci„(C 2 1| y, w). A,, A 2 » Ay, Aj 6 —A 18 —9. A 3 , A 4 0. A 5 —A 7 , Aio"Aj 2 — 2. A 8 . Aia-Am, Aig-Ajs — 31. 
Qi?(C a || 3\ ^). A,, A 2 , A 9 , A lfl -Ai H —9. A 3 , A 4 -0. A B -A 7 , A 10 -A t 2 -2. , 

Ag, A 15 , A i9 , A 2 i~A 23 —31. A 13 , A 14 , A 2 y, A z 4 ~A 28 —342. 

C 2t ,(C 2 1| y, ft). Aj, A 2 , Ay, A,«, A I7 , A 18 — 9. A 3 , A 4 —0. A 5 , A«, A 7 , A|<„ Am A, 2 — 2. 

Ay, A 19 , K,.-31. Au» A 2 o, K S5 -64. K m , K it . Km- 343. K 15 , K ra -344. 

C'HC 2 1| JT, fl). An A, 0 , Am A l2 , K, 3-0. AC„ /C,,- 10. /f 3 , ATe, a:,-2. K t , K„ K lt , A: l5 , Af le , K i7 - 30. 
C1"(C,|| a:, a). An A 10 , Am K 12 , /C 13 -0. Kj, K„ K 1b - 10. K 3 , K 7 -2. K„ K u . K 15 - 30. K le -63. K u - 341. 
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CS'-lC.llx. a), j| x, b). K,, Ag, Ag —0. A 2 , X 9 , Ki„ K tt — 10. A s , A e , Ka, A« 2. 

A,, X 16 , X, 3 , X t6 — 15. X 7 , A, 7 , An —3D. 


$4, Representations of C^J■ ,S ■ , ®• 17 (Table 2) 

Cif'\ X,, X„ A,- 9, X 2 . A, -0. X.„ X 4 , A„ K„, A, a , X, 3 -2. A,„, A,,, X, 4 , AX,g, X, 7 - 31. 

Cjf’ 17 A,, A„ A 7 -9. A,, Aj- 0. X 3 , Ag, An —2. X 4 , A e , A 13 — 35. A 10 , A, 4 , A lt —31. A,,, X 19 , Au—43. 

55. Representations of groups Riven in Tables 3,4. 5 

CJi 13 . A„ Aj. Aj, X 4 , A*, X 7 , Ag, Ag—0. A s , Am, X u — 118. Ai 2 , A la , X| B — 3. Au, An, X| 7 , X 18 , X, 9 , A 20 — 126. 

Cj“. A], Aj, A s , A a . An — 0. Aj, A 7 — 118. X 4 , A s — 166. X 9 , A t0 , A 12 , X 13 , A 14 , A 15 — 126. 

Gj®. A|, Aj, Ag, Ag, An — 0. Ag.X 7 — 118. Ag, Ag —167. X 9 , Au. X| 3 —168. A 10 , An. Aj 9 — 126. 

/)»•*. X,-K,0. A„„ A„- 130. A, s -A,g-3. A,„ A,g-172. A,„ X !0 -338 (for D s 5 ), 172 (for TV)- 

TV- A,-Ag, A„ -0. X 7 - 130. Ag- 171. A„, A,„, X, 2 -3. A,.„ X, 4 , A, 5 - 172. 


/)!)•■«'. A„ Aj, A„, K r . Ag, A 0 —2. A,. X 4 -0. A,- 118. X„„ A„ - 146. A, 2 -3. X, 3 . X 14 - 126. 

A„. A,g-4(for DJg), 99 (for DfA). K, 7 -K 20 - 176. 

/)})>■». A„ A«, Ag-2. Aj, A 7 , A„ —35. X 3 , X 4 -0. A s - 118. A, 0 -146. A„- 148. K, 2 -3. X, 3 . X 14 - 126. 

A,»-4 (for D?S), 99 (for Dj^), A, 8 - 101 (forD 2 2 8). 102 (for £> 22 ). X 17 , X, 9 - 176. X 19 , A 2o -300. 
D}1 X„ As-0. Aj, Ag-2. A 3 - 118. X 4 - 166. A,- 146. X»- 175 . /C H , Kj Xu-126. A„-l.A, 3 ,A| 4l A, s -176. 
/3|J. A,. A,-0. Aj, A a -2. Aj- 118. X 4 - 167. A,- 146. X 2 - 172. A 9 . A, 2 - 168. 


A 10 — 126. A,,- 104. An- 181. X, 4 - 176. X„-300. 


§6. Additional representations 


7*340 


h. 

to 2 : 

to 2 * 


n 

/-/0\ 

7 0! N 

Q 


W 

UJ 1 

U 10 J 

7338 

h, 


A,« 



0 

(-in) 

/on 

I 10 J 

(0-1) 

7340 

6, 

Aj 

to 27 


7343 

h, 

A, 

to 2 a 

toaH 

t 1 

1 

1 

1 

-1 

t 2 

1 

1 

-1 

1 

t» 

1 

-1 

1 

1 

t 4 

1 

- 1 

-1 

-1 

7341 

T342 

7344 

7345 

*1 

hi 

hi 

h, 

to, 

ton 

to* 

to 4 

to,? 
to,* 
to 2 « 

to?a 

to Z fl 

tojx 

T346 

h, 

h, 

to,? 

tojc 


710\ 

tP 

/on 

/ 07 \ 


loij 

lioj 

\— 70/ 


7*343 

Ai 

to.i 

to 2 « 

h lf 


Q 

to 

(-in) 

C) 


7*338 

h, 

to 13 

to i« 

to 4 

7*344 

hi 

to 3 

to, 6 

to®) 

P 1 

1 

1 

i 

— i 

P 2 

1 

1 

— i 

i 

P 3 

1 

- 1 

i 

i 

P 4 

1 

-1 

— i 

— i 


7*341 

hi 

Aj 

to, 7 

to g 

P342 

h, 


to,e 

to,« 

7*345 

h, 

h t 

to 2 fl 

to 27 

P346 

hi 

a 4 

to 2 7 

to 2 e 

P 1 

1 

1 

f 

i 

P 2 

1 

1 

— / 

— i 

P 3 

1 

-1 

1 

— i 

P 4 

1 

-1 

— i 

i 
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A. 

^13 

^16 

64 


^37 

^40 

*28 

7*300, t 1 

0 

( 

10 3 
0-1/ 

/1°\ 

\oi; 

(-!.) 

a 

w 

(-“!.) 

pinn p< 

✓10V 


01 \ 

/o-a , 

/ 0 r'\ 

/01 \ 


/I0\ 

r JW, 1 

\0l/ 

l.O-iJ \ 

~ 10 / 

\— #0/ 

V«o/ 

V-ioj 

l 0/ j 

loi; 

t ! = t'xt 5 (T176, P* 

= P‘xt s (ri76). 








57. Corrections of [5] 

*4 *aa *27 

P12. - 

Cj; OOrj 00r, 


P42. Add A ls = 4- b 3 ) +i(t> 2 + b 3 )\h„ h t , h 2d , h„. 

P43. Cl?. A', -9. A 2 - 10. K,~ 11. A„ — 14. A,,- 12. Cft. Oft- A,*- 11. D 2 7 . A.,-3. Oft A,„-38. 

P45. D%. A„ — 31. P48. D 2 2 „. A„- 16. DiV A', s -3. P51. D$*. K„- 152. P61.62. T d 2 *. A,„- 127. O 3 . A: 4 - 130. 
P63.64. Add A, 3 = 1(1 -fiMA, +b. i )+iOn-\)b a \h„ h„, h,uh :l7 ,h„,h„. r. 77, O s . K„- 268. P,7Y,0 8 . 
A',, =•- 269. 77, 0„». A 13 — 270. 77, O,, 10 . A',.,-271. P66. Hexagonal system, b, 1 e„, b, X e x . Add (P74) 


729 h, h 2 h 3 h, 



Correct: P77. P J (P77) = t J (T31). 



^ l 2« 

*40 

h 27 

^37 

PI 19 

P120 

(-■:.) 

a 

a 

» 

(-» 

© 

Q 

Q 


PI 60 

*2 

*u 

^25 

P' 



/on 


Vo- 0 

V 2 V-/- 1 / 

lio/ 


P 2 = p'xt 2 (ri47) 
P 3 =P'Xt 5 (T147) 
P« = P‘xt“(T147) 


PI47, PI49, P 152. PI53. P 3 = P’ x t 5 ( T 147). P 8 = P' x t 8 (TI47) 



• 

1.2,4, 

5,6,7, 

10 

3,8,9, 

11,12 
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Abstract-The rate of the photochemical decomposition (photolysis) of lead halides by u.v. light was 
investigated by measuring the change of the optical density A D after irradiation. It was found that the 
time dependence of the photolysis in PbCl 2 , PbBr 2 and Pbl 2 is not essentially different. The maximum 
in the photolysis of PbCI 2 as a function of the intensity could be explained by the assumption that 
photo-enhanced evaporation occurs at high intensities. The mechanism of the photolysis in PbBr 2 
and PbCI 2 is supposedly the transport of photogenerated holes to the surface and trapping at surface 
halogen ions. The halogen atoms formed are desorbed and the anion vacancies created in this way 
diffuse into the crystal. The photogenerated electrons react with Pb I+ ions to give Pb atoms in an 
aggregated state accompanied by annihilation of anion vacancies. 


INTRODUCTION 

The photochemical behavior of the lead 
halides shows a great similarity to that of the 
silver halides. Like the latter, they decompose 
under the action of photons of suitable wave¬ 
length [1], For the silver halides a mechanism 
for the photochemical decomposition (photo¬ 
lysis) has been proposed [2]. This mechanism 
is based upon the Gurney-Mott principle [3], 
which states that the photochemical decom¬ 
position of the silver halides consists of an 
ionic and an electronic part. Absorption of a 
photon by the crystal excites an electron into 
the conduction band. This electron moves to a 
suitable trapping site where it combines with 
an interstitial silver ion. By the movement and 
trapping of more electrons and interstitial 
ions to this site an aggregate of silver atoms 
is formed. The holes can be trapped at surface 
halogen ions, followed by the desorption of 
halogen atoms. 

Dawood, Forty and Tubbs[4,5] have 
extensively studied the photochemical de¬ 
composition of lead iodide. The mechanism 
they propose is the reaction of two excitons 
at a suitable surface site, eventually leading 

*Present address: Philips Research Laboratories, 
N.V. Philips’ Gloeilampenfabrieken, Eindhoven, 
Netherlands. 


to the production of an iodine molecule, a 
lead atom and two anion vacancies next to 
the original site [5], This mechanism accounts 
for the quadratic dependence of the decom¬ 
position rate on irradiation intensity. Further¬ 
more, the photodecomposition varies as the 
square root of the irradiation time. They 
explained this by assuming that a surface 
layer of lead and lead salts is formed; the 
diffusion through this layer of the iodine 
formed is rate-determining[5], 

De Vries and van Santen[6] pointed to the 
importance of the transport of anion vacancies 
during the thermal decomposition of PbCl 2 . 
This was concluded from their experiments on 
ionic conductivity [7, 8]. Kaldor and Somor- 
jai[9] also used the results of ionic conduc¬ 
tivity [7, 8,10] measurements to propose a 
vacancy mechanism for the photochemical 
decomposition of PbCl 2 . The present measure¬ 
ments on the photolysis of PbCl 2 doped with 
cation impurities confirm this proposal. From 
similar measurements on PbBr 2 it can be 
concluded that also in this substance the mass 
transport during photolysis is carried by the 
anion vacancies [12]. To reach this con¬ 
clusion use was made of the measurements on 
the ionic conductivity of PbBrJll, 12]. 
From these measurements, together with the 
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results of the transport number determina¬ 
tions from the literature[13] it can be con¬ 
cluded that in PbBr 2 too the anion vacancies 
are the dominant mobile lattice defects. 

Photoconductivity experiments revealed 
[12,14] that holes are the mobile charge 
carriers in PbBr 2 and PbCL 

Electron spin resonance measurements [15] 
on PbCl 2 , PbBr 2 and Pbl 2 irradiated with 
u.v. light at liquid nitrogen temperature 
indicate that Pb + ions are formed as an 
initial step in the photochemical decomposi¬ 
tion. These Pb + ions coagulate to metallic 
lead particles. Also reaction products of holes 
with lattice defects have been detected, like 
a hole trapped at a cation vacancy. At 
higher temperatures, viz. at room tempera¬ 
ture, this centre is not stable. Probably, it 
dissociates again into a free hole and a 
vacancy. 

In this paper we will present some quantita¬ 
tive optical measurements on the photolysis 
of PbClji, PbBr 2 and Pbl 2 . These measure¬ 


ments will be discussed in terms of particle 
currents to and from the surface, particularly, 
the migration of anion vacancies and photo¬ 
generated holes. 

EXPERIMENTAL 

The crystals investigated were grown from 
the melt. The details of crystal preparation 
have been given elsewhere [8,11,12]. The 
set-up for the optical measurements and irra¬ 
diation of the crystals is shown schematically 
in Fig. 1. The optical filter c is an inter¬ 
ference reflectance filter (UV-R-250) with 
centre-frequency at 250 nm. The intensity 
of the irradiation lamp was measured by 
comparison with a standard high pressure 
mercury lamp. 

With this set-up we were able to measure 
the optical density D of the crystals as a 
function of wavelength. D is given by 
D = log (/„//), where /„ is the amount of 
light incident on the crystals and / is the 
amount of light transmitted by them. The 



Fig. 1. Spectrophotometer. A = crystal in the position for the measurement of 
optical transmission, B = position into which the crystal can be turned for 
irradiation, M = surface-coated mirrors, a-e = irradiation unit, a = irradiation 
lamp (HBO 200), b = shutter, c = optical filter, d = neutral density filter, 
e = shutter, I,, l 2 = quartz lenses, f-g = Urtit for the production of a reference 
signal, f = lamp, g = photo-sensitive transistor. 
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change of the optical density A D at one wave¬ 
length is a measure of the photodecomposition 
[1], The accuracy of D is ±0-001 in the low 
optical density ranges. Unless otherwise 
indicated, all measurements were made on 
crystals mounted and measured immediately 
after cleavage under red safe-light in air. The 
crystals were irradiated in a vacuum of 10~ 8 
mm Hg, except the crystal in Fig. 6, which 
was irradiated in alcohol vapour. This 
vapour was in equilibrium with liquid alcohol 
of 0°C. PbCl 2 and PbBr 2 were irradiated at 
room temperature and Pbl 2 at 200°C. 

RESULTS 

Figure 2 shows the photolysis of Pbl 2 as a 
function of irradiation time t. The curve 
A D « t m is also drawn in the figure. The 
results indicate that A D is proportional to the 
square root of t for a part of the curve. The 
irradiation did not take place with the irradia¬ 
tion set-up in Fig. 1, but as indicated in the 
caption of Fig. 2. Figure 3 shows the photo¬ 
decomposition of two PbBr 2 crystals. Irradia¬ 
tion took place with the set-up in Fig. 1 which 
accounts for the different time scales of Figs. 
2 and 3. Here again the lines ADocf l,s are 
shown. 

The variation of PbCI 2 photolysis with 
irradiation time is shown in Fig. 4. The first 
part of th$ curve appears to be proportional 
to t. 

The intensity dependence of the PbCl 2 
photolysis is shown in Fig. 5. There is a 



Fig. 2. Change of the optical density AD at X = 589 nm 
as a function of the irradiation time of a Pbl 2 crystal. 
Irradiation with a high pressure mercury lamp (HPK 125) 
at a temperature of about 200°C in vacuum (10" 8 mm H g). 



Fig. 3. Optical density change AD (X = 589 nm) of two 
PbBr 2 crystals as a function of irradiation time (X = 250 
nm, room temperature). Intensity (8i2)x lO'VW/cnrr*. 
After cleavage the crystals were annealed in vacuum. 



Fig. 4. Optical density change AD at X = 589 nm as a 
function of irradiation time. A = PbCl 2 doped with 
001 wt. % Tl. B = undoped PbCI 2 crystal. Irradiation 
in vacuum with X = 250 nm at room temperature. 
Intensity about 6 x 10 5 l uW/cm _z . 



Fig. 5. Optical density change AD (X = 589 nm) upon 
irradiating PbCl 2 crystals with different intensities 
(X = 250 nm) for 10 seconds. The intensity at /= 100 
corresponds to (8 ± 2) x 10* ^tW/crrr 2 . 
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maximum in the curve at an incident light 
intensity of about 6 x 10 5 /tWcnr 2 . 

In Fig. 6 AD is plotted as a function of 
wavelength for a PbCl 2 crystal irradiated in 
alcohol. These curves are shown as an 



Fig. 6. Optical density change A D as a function of wave¬ 
length of a PbCI 2 crystal. The crystal was irradiated in 
alcohol vapour (A= 250 nm). The irradiation times are 
indicated in the figure. 

example. Identical curves were obtained after 
irradiation in air or in vacuum, but at a lower 
value of AD after the same irradiation time. 

DISCUSSION 
(a) Three modes of photolysis 

We can describe the photolytic process in 
the following way. The absorption of a 
photon gives an electron-hole pair. According 
to the processes which follow this absorption, 
we may discern three modes in the photolysis. 
Firstly, transport and trapping of photo¬ 
generated electrons and holes. Irradiation 
of lead halides at liquid nitrogen temperature 
gave reaction products of electrons and holes 
with lattice defects, detectable by electron 
spin resonance [15]. We call this the colour 
centre mode. 

Secondly, in addition to charge transport 
there may be mass transport by ionic motion. 
This happens in lead halides upon irradiation 
at a temperature near room temperature. This 
gives small lead particles inside the crystal 
near the surface. This is the print-out mode. 


Thirdly, there is the mode where substance 
is completely evaporated from the surface, 
the photo-enhanced evaporation mode. 

These effects can also be illustrated with 
the example of cadmium sulphide. CdS 
photodecomposes at 400°C[17]. Apparently 
in this substance the second mode is operative 
at this temperature. At a higher temperature 
(700°C) photoenhanced evaporation occurs. 
Hence, in CdS a transition from one mode to 
the other takes place as a function of tempera¬ 
ture. 

(b) The photolysis in PbBr 2 and PbCl 2 

In PbBr 2 and PbCl 2 the photogenerated 
hole is trapped at a surface halogen ion, 
giving a halogen atom. This atom is desorbed 
which explains the influence of ambient 
conditions on the photolysis [12]. For instance 
the rate of photodecomposition is greater in 
alcohol vapour than in air. The alcohol is 
assumed to react with halogen. 

The electrons produced by the photons are 
trapped at Pb 2+ ions, ultimately giving 
aggregates of lead atoms. 

The impurity content of the crystals has a 
certain influence on the photolysis (cf. Fig. 4), 
though less than the ambient conditions. 
Generally the photolysis is faster in crystals 
doped with monovalent cations[12.16]. 
It is known that in this case the crystals 
contain a higher concentration of anion 
vacancies, thus fulfilling the condition of 
electro-neutrality[6, 11]. These vacancies 
can facilitate the photolysis process in three 
ways. Firstly, the vacancies carry the mass 
transport current of anions to the surface. 
Secondly, because of the Schottky equili¬ 
brium an enhanced anion vacancy concentra¬ 
tion is accompanied by a reduced concentra¬ 
tion of the cation vacancies Vp^+- Presum¬ 
ably the K Pb 2 + are shallow traps for holes. 
Therefore, this reduced concentration of 
Pp h z+ increases the hole current to the surface. 
Thirdly, annihilation of anion vacancies 
supplies room for the lead nuclei since lead 
atoms have a larger radius than the lead ions. 
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The fact, that in reality an aggregation of 
lead atoms takes place was shown by the 
qualitative agreement of AD as a function of 
wavelength (Fig. 6) and the calculated absorp¬ 
tion of small lead particles [12]. 

The time dependence of the photolysis 
(Figs. 2-4) will be discussed below in con¬ 
nection with the photolysis in Pbl 2 . 

(c ) The intensity dependence of the photolysis 
in PbCl 2 

The intensity dependence of the photolysis 
in PbCl 2 , especially the maximum in AD vs. 
intensity of the irradiation (Fig. 5), can be 
explained as a transition from one mode of 
photolysis to another. At intensities below 
6x 10 5 /iW/cm 2 holes are trapped at surface 
halogen ions, producing surface halogen 
atoms which can be desorbed. The excess 
lead condenses inside the crystal (print-out 
mode). At higher intensities more or less com¬ 
plete PbCl 2 molecules are desorbed from the 
surface (photo-enhanced evaporation mode). 
This can be understood according to Levine 
Mark [18] in the following way. Holes trapped 
at the surface during the photochemical 
process develop a potential barrier which 
accelerates the photogenerated electrons 
towards the surface. If, however, the lifetime, 
t,., of the electrons is shorter than the transit 
time, l d , to cross the barrier, then the elec¬ 
trons do not reach the surface. The transit 
time t d for these minority carriers can be 
diminished by increasing the intensity of the 
irradiation. This, indeed, has been proved [18] 
to occur in CdS. 

In PbCl 2 we suppose that at some intensity 
the relation r rf t p is valid. Then the electrons 
cross the potential barrier and become trapped 
at surface states connected with Pb 2+ ions. 
These states, customarily called Pb + states 
[19] may form recombination centres for holes 
and electrons. The Pb + states can also initiate 
chemical instability of the surface in the 
following way. An electron trapped at a Pb + 
state and a hole at a nearby CL state form a 
surface Cl atom and a Pb + ion. These in turn 


may form a molecular-like structure, facilitat¬ 
ing the surface breakdown by evaporation. 

That there is evaporation from the surface 
can be seen in Fig. 7, which shows the border 
of ah irradiated part of the crystal. The step 
height measured by the interferometric 
method is about 530 nm. 

Photo-enhanced evaporation contributes 
to the optical density change AD (light 
scattering by surface roughness) but not 
to the same extent as the photoreduction 
of the same amount of lead chloride to 
metallic lead. Obviously, AD in the latter 
case is higher. 

Summarizing, the photolysis rate will 
increase as the intensity increases but after 
a certain intensity at which the photo- 
enhanced evaporation starts the photolysis 
rate decreases. This will result in a maximum 
of AD vs. intensity. 

This is, to some extent, consistent with the 
observation of Kaldor and Somorjai[9]. 
They observed an abrupt increase of the 
‘reflection density’ at an intensity of 0-7 x 10 5 
pW/cm 2 . That the ‘knee’ in their curves was 
found at lower intensities than ours (6x 10 3 
gW/cm 2 ) may be due to the difference in 
material used, viz., lead chloride powder not 
(single) crystals. 

(d) The photolysis in Pbl 2 

We will devote part of this paper to a 
discussion of the photolysis of PbJ 2 . As 
mentioned in the introduction, Dawood 
et at. [4,5] studied the photolysis of Pbl 2 . 
The time, intensity and temperature depen¬ 
dence of the photolysis was obtained by 
measuring the iodide content of thin layers 
of Pbl 2 after irradiation at about 200°C. 

To start with the temperature dependence, 
it appears that the results of Dawood et at. 
[4, 5] are much the same as ours on PbBr 2 and 
PbCl 2 . This can be seen in Table 1. 

Regarding the time dependence, Dawood 
et al. observed that the photolysis of Pbl 2 
varied as the square root of the irradiation 
time. We have observed the same dependence 



168 


J. F. VERWEY 


Table 1. Activation energy for the rate 
of photolysis in lead halides 



E(eV) 

Reference 

Pbl 2 

017 

Dawood et al. [9| 

PbCI 2 

0-14 ±003 

Verwey (12] 

PbBr, 

0-13 ±003 

Verwey (12] 


for PbBr 2 (Fig. 3). However, we must emphas¬ 
ize that in PbBr 2 this was only found for an 
intensity of about 10 ,R photons sec -1 cm -2 . 
Deviations occurred at other intensities and 
also at low and high irradiation times t. 
The same phenomenon occurred for our 
measurement on Pbl 2 . Here again, A D*t U2 , 
but for a limited range of the curve. PbCl 2 
showed even A D « t in the initial part of the 
curve (Fig. 4). Furthermore, the shape of the 
curve depends on the irradiation intensity. 
Therefore, it seems impossible to correlate 
the time dependence with a particular mechan¬ 
ism in the photolysis process, viz. the diffusion 
of halogen through a layer of lead and lead 
salts formed as proposed by Dawood et al. 
[5] for Pbl 2 . We can only conclude that the 
time dependence in Pbl 2 is very much the 
same as in PbBr 2 and PbCl 2 . 

Now we will look at the intensity depen¬ 
dence. We have measured this dependence for 
PbBr 2 and PbCl 2 for several irradiation 
times, and found[12] that the intensity depen¬ 
dence of the photolysis is a strong function 
of that irradiation time. For PbBr 2 we found 
that A D « F (F = intensity of the irradiation) 
at irradiation times shorter than 1 second. 
The power of F for PbCI 2 photolysis [12] lies 
between 0-93 and O’17. Kaldor and Somorjai 
even found for PbCl 2 in the high intensity 
region the relation AD°cF 32 A comparison 
of the photolytic processes based on the 
intensity dependence seems difficult. From the 
time and temperature dependence we con¬ 
clude that the photolytic processes in PbCI 2 , 
PbBr, and Pbl 2 are the same. This is sup¬ 
ported by ESR measurements at liquid 
nitrogen temperature [15]. 


There is one significant point to be noted. 
We were unable to observe photolysis of 
Pbl 2 crystals when they were irradiated at 
room temperature. One Pbl 2 crystal was 
irradiated for 100 min under the same 
conditions as in Fig. 2 but now at room 
temperature. We could not observe a change 
of the optical density, which means that 
AD < 0 001. The absence of any darkening 
cannot be explained by the temperature 
dependence of lead iodide photolysis (Table 
1). After t= 10 min this would give A D = 0 02. 
Probably in our Pbl 2 crystals a deviation from 
stoichiometry (excess halogen) existed, 
which prevented the photodecomposition. 
This should be compared with the observa¬ 
tion that crystals of PbBr 2 annealed in 
bromine vapour show a remarkably reduced 
sensitivity to photolysis, possibly due to a 
similar deviation from stoichiometry. In 
Pbl 2 this deviation* seems to be corrected 
at temperatures of about 200°C. 

(e) Quantitative treatment of particle currents 

We will describe our ‘dynamic’ model for 
the photolysis of PbCl 2 and PbBr 2 . This model 
consists of the transport of holes and anion 
vacancies to and from the surface. We con¬ 
sider transport of holes because, of the photo¬ 
generated electron-hole pair, the holes have a 
longer range [14] than the electrons. At the. 
surface the holes h + react with halogen ions 
X,~ according to 

h++x,--+x s . 

A halogen atom X „ thus formed may combine 
with another halogen atom X s to give a 
halogen molecule which can desorb. The 
halogen atoms may also be desorbed directly. 
In any case, halogen leaves the surface and 
anion vacancies are left behind. These anion 
vacancies in turn are assumed to be trans¬ 
ported into the crystal, resetting the halogen 

'Measurements of Henisch el al.[20. 21] show that 
then gelgrown Pbl 2 crystals too are /?-type, due to a 
slight deviation from stoichiometry. 



I 



Fig. 7. Border of a u.v.-irradiated part of a PbCI, crystal. Irradiation at room temperature in 
vacuum for 20min (A0 = 0-435). Intensity (8±2) x IO*/aW/cm' 1 . Microscope Reichert 
Zetopan with interferometer attachment according to Nomarski. 
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ion sites at the surface for subsequent trapping 
of a hole and desorption of halogen. 

Inside the crystal electrons react with Pb* + 
ions to give first Pb + ions and then Pb atoms 
which flock together in precipitates under 
annihilation of anion vacancies. Much infor¬ 
mation about these reaction products could 
be gained from the electron spin resonance 
measurements [15] at liquid nitrogen tempera¬ 
ture. 

We have called this reaction scheme a 
dynamic model because it takes into account 
the particle currents during photochemical 
reaction. It does not only describe the reac¬ 
tion products of the different stages but also 
tries to describe the way of reacting species; 
where they come from and where they go. 
This approach lends itself to a more quan¬ 
titative description. The primary aim will be 
to show that the maximum in the curve of 
Fig. 5 is a transition from the print-out mode 
of photolysis to photo-enhanced evaporation. 

The equations for the particle currents 
perpendicular to the surface {x — 0) are 

jn ~ E„fj. h C h — dJ~, 

j' = -E D p t C'-Drfe, (I) 

' M ^EpfirCr-D^. 

The subscripts h, e and V indicate the 
respective quantities of holes, electrons and 
vacancies, j indicates the particle currents, 
p the mobilities, D the diffusion constants 
and C the respective concentrations. E D 
consists of the Dember field, due to the 
difference in diffusion velocity, and the 
barrier field. This barrier field is due to charge 
carriers in surface states and in the space 
charge layer below the surface. 

No net electrical current flows through the 
crystal during photolysis, hence, 

jh ~je +jv = 0 . ( 2 ) 


Up to this point the treatment resembles that 
of the oxidation of metals [22]. In the latter 
case a set of equations (1) also exists, coupled 
by the internal electric field E D together with 
an additional equation (2) relating the currents. 

Some difficulties may arise from the 
complex continuity equation in our case. For 
electrons this is 

^ = -&+G-R-C. (3) 

dt dx 

It contains three extra terms G, R and C 
representing generation, recombination and 
chemical reaction, respectively. Some explicit 
relations may be obtained after rigorous 
simplifications. 

We assume that we have a steady state 
condition, hence, dCJdt = 0. One often uses 
for the recombination term R in equation (3) 
the relation [23] 

r = T = T (4) 

where r,. and r h are the lifetimes of electrons 
and holes, respectively. It is not necessary 
to incorporate a separate term for C in equa¬ 
tion (3) if the chemical reaction is monomole- 
cular. In that case it only affects the lifetime 
r e orr„. The generation term G is 

G = FKe~ K * (5) 

where K is the absorption constant and 
F is the number of photons (cm~ 2 sec _1 ) 
penetrating the crystal at x = 0. 

We assume that there exists a barrier field 
E d . We disregard diffusion, and we look at a 
layer near the surface where x ^ 1 /K. From 
the continuity equation of the electrons 
(equation (3» and equations (4) and (5) it 
follows that 

C e = FKr e . (6) 

In Fig. 5 we have plotted the photolysis of 
PbCl 2 as a function of the intensity of the 
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irradiation. At the left-hand side of the 
maximum in the curve we have a photolysis 
reaction which we called the print-out mode, 
hence, in equation (2) we have j e = 0. We 
believe that at the right-hand side photo- 
enhanced evaporation occurs, Then, the 

electron current j, is unequal to zero but 
j v = 0. Therefore, it seems likely that at the 
maximum in Fig. 5 

\je\ = \jV\. (7) 

From (7) it follows that 

El)IL(C € — EpflyCy. ( 8 ) 

Combining (6) and (8) in inserting a v = fi v eC v 

we obtain 

eE„n f F m KT e = E n a y. (9) 

F,„ is the intensity of the irradiation in the 
maximum of the curve of Fig. 5. 

From (9) it follows that 

p — _? t _. 

" eKp r j- 

We insert the numerical values <jy = 10~ 6 
fi -1 cnr\ e — 1-6 X 10~ ,9 C and we assume 
that K = 10 5 cm 1 . 

There remains to be known the electron 
range per unit field p,.r e in PbCI 2 at room 
temperature. We can make an estimate by 
comparison with PbBr 2 . At liquid nitrogen 
temperature fi P r e = \/\0fi h T h in both crystals. 
For a PbBr 2 crystal we estimated [12] fx h T h at 
room temperature by the Haynes-Shockley 
technique [24], If we assume that the rela¬ 
tion between p. f T e and p. h T h is the same at room 
temperature and at liquid nitrogen tempera¬ 
ture then p e T e in PbBr 2 at room temperature 
will be 5 X 10~ 9 cm 2 V~*. If we try the same 
value for p e T,. in equation (10) and insert the 
values of the other quantities, then F m — 01 
X W/iW/cm -2 . This value of F m is a lower 
limit because o> may be higher than the value 


used above due to the creation of anion 
vacancies at the surface. F m in Fig. 5 is 
6 x 10 5 piW/cnr 2 . F mt as observed by Kaldor 
and Somoijai[9] (F m = 0-7 x 10VW/cm" 2 ) is 
in better agreement with the value calculated. 

We see that this very rough estimate 
supports the assumption that the maximum 
in A D vs. intensity is due to the transition 
from the print-out mode to the photo- 
enhanced evaporation mode of photolysis. 

CONCLUSION 

The photolysis as a function of irradiation 
time is not essentially different in PbCI 2 and 
PbBr 2 at room temperature and in Pbl 2 at 
about 200°C. However, this time dependence 
does not give very much information about 
the mechanism of the photolysis because it is 
a strong function of the intensity of the 
irradiation. 

The photolysis of the substances mentioned 
can be understood in terms of the print-out 
mode of photolysis. This is the separation 
of lead metal inside the crystal and the 
desorption of halogen from the surface. An 
important part of the mechanism is the trans¬ 
port of photogenerated holes to the surface 
and of anion vacancies from the surface into 
the crystal. 

The variation of the photolysis as a function 
of intensity in PbCl 2 shows a maximum. This 
is ascribed to a transition from the print-out 
mode to photo-enhanced evaporation of more 
or less complete molecules from the surface. 
This is supported by a rough estimate based 
on a quantitative description of particle 
currents in the crystal. 
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Abstract— The solid solubility of Zn in Si has been extended by nearly two decades to include the 
temperature range from 800° to 1000°C. The data of the present work near I050°C are consistent with 
previously published values of solubility. Freeze-out of carriers in both the 0-55 eV and the 0-31 eV 
acceptor levels has been observed and employed to obtain the Zn impurity solubility. Measurements 
of the impurity-compensated resistivity and the concentration of Zn atoms agree well with theoretical 
predictions based on the charge balance equation and the known double acceptor behavior of Zn in 
Si. 


INTRODUCTION 

Recently a number of investigators have 
examined the behavior of Si doped with Zn 
under a variety of experimental conditions. 
Holonyak[l] and more recently Lebedev and 
Sultanov[2] and Maher et «/.[31 have ex¬ 
amined doubled injection Si diodes doped with 
Zn. Holonyak and Bevacqua[4] have also re¬ 
ported current oscillations in Si p-i-n diodes 
doped with various deep levels including Zn. 
Other investigators have examined the photo¬ 
conductivity of Zn doped Si at room tempera¬ 
ture [51. Important in all this work is a 
knowledge of the solid solubility of Zn in Si, 
provided such data are available. 

Trumbore[6] has presented solid solubility 
curves for many different elements in Si. 
The available data on the solid solubility of 
Zn in Si, however, extend only from about 
1400° to 1000°[7,8] and over a very limited 
solubility range. In the course of work on 
p-i~n diodes fabricated from Si lightly doped 
with Zn, we [9] have found desirable a know¬ 
ledge of Zn solubility in the range «3-3x 
10 15 atoms/cm 3 . We present here these data 
and, along with previous data, show the 
behavior of Zn solid solubility in Si over a 
wide temperature and solubility range. 

*This work has been supported by the Advanced 
Research Projects Agency Contract No, SD-I3I and 
by the National Science Foundation Grant No. GK-2657. 


SAMPLE PREPARATION AND DIFFUSION 

Crystal slices 750 /x.m to 1000 gm thick 
were cut from Czochralski grown, n-type, 
P-doped Si ingots. The initial crystal resis¬ 
tivities were: 3-lflcm, 7-9 ficm, and 12-2 
fkm, measured at 300°K. The slices were 
cleaved into smaller wafers, which were 
lapped and cleaned by boiling successively 
in trichloroethane, acetone, and ethanol. 
They were then etched for about five minutes 
in a dilute solution of HNO.j + 48 per cent HF 
and finally were rinsed with distilled water. 
This process was repeated twice, the final 
etching and rinse procedure occurring just 
prior to placing the experimental wafer in a 
silica ampoule for impurity diffusion. The 
ampoule was previously cleaned, etched in 
3HN0 3 -t-1 HF, and rinsed in distilled water. 

The diffusion of Zn into the wafers took 
place at temperatures ranging from 820° 
to 1076° for times of at least four days. The 
various diffusion schedules are given in 
Table 1. Four to six mg of 99-999 per cent 
pure Zn metal was placed in the ampoule 
with each wafer. The Zn source was cleaned 
by etching in dilute warm nitric acid. The 
ampoule containing the wafer and Zn was 
evacuated to 10~ 5 Torr. and sealed. Since Zn 
has a vapor pressure of about one atmosphere 
at the diffusion temperatures, it was not 
necessary to back-fill the ampoule with any 
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Table 1 


Sample 

Initial 
resistivity 
p„(fl cm) 

Initial 

impurity content 
<N d * — N a ~) atoms/cm 3 

Diffusion 

temperature 

r(°C) 

Diffusion 

time 

r(hr) 

045 

31 

1 58XI0’ 5 

910 

120 

046 

31 


820 

120 

047 

31 

" 

999 

% 

048 

3-1 

" 

1076 

120 

050 

12-2 

3-7 x 10 14 

970 

96 

051 

12 2 

" 

896 

744 

055 

7-9 

6-7 X 10 14 

900 

340 

056 

12-2 

3-7 x 10’ 4 

870 

140 

057 

12-2 

a 

952 

111 

058 

12-2 

" 

939 

246 

059 

12-2 

M 

872 

240 


auxiliary inert gas. After diffusion annealing 
of the Si wafer at the desired temperature, 
the ampoule was removed from the furnace 
and quenched in water. Condensation of Zn 
metal on the inside surface of the ampoule 
after quenching indicated a sufficient atmos¬ 
phere of Zn atoms during diffusion to guaran¬ 
tee that the diffused Zn density was limited 
only by the solid solubility at the diffusion 
temperature. 

After diffusion a hot probe measurement 
invariably indicated a strongly p-type surface 
on the Si wafer. However, after lapping 
-25 /am from the surfaces, we found the 
underlying bulk material to be n- or p-type, 
depending on the diffusion temperature and 
the initial resistivity of the Si wafer. The 
heavily p-type surface layer can be attributed 
to the condensation of Zn on the surfaces of 
the wafer during quenching and is not a source 
of concern. 

A 4-leaf clover-shaped sample, i or Kin. 
in dia.. was cut from the diffused wafer 
with an ultrasonic cutter. The experimental 
sample was used for van der Pauw[10] 
measurements of resistivity, carrier concen¬ 
tration and mobility. The sample was lapped 
on both sides with American Optical Com¬ 
pany M305 abrasive to the desired thickness 
(between 250 pm and 650 pm). Metal contacts 
were alloyed to the edges of the four leaves 
in a hydrogen atmosphere. An alloy of Au + 
0-6 per cent Sb was used for n-type samples 


and an alloy of A1 + 1 per cent B was used for 
the p-type samples for Ohmic contacts. Rolled 
and annealed 125 pm Ni leads approximately 
1-5 cm long were attached to the metal 
contacts. The measurement sample was 
fastened in a holder and the Ni leads soldered 
to appropriate electrical connectors. The 
sample holder was inserted in a cryostat of the 
conventional type for Hall or van der Pauw 
measurements [11]. 


THEORETICAL CALCULATIONS 
Zinc introduces two acceptor levels into 
the forbidden gap of Si [8], one located 0-31 
eV above the valence band and the other 0-55 
eV below the conduction band (essentially 
mid-gap). When the Zn atom is in the neutral 
charge state, only the lower level is available 
for electron capture, and the upper level 
exists only when the lower level is occupied. 

The methods of Shockley and Last [12] 
can be used to compute the impurity-compen¬ 
sated resistivity of a sample (i.e. a wafer 
into which Zn has been diffused) as a function 
of the number of Zn impurity atoms. For a 
crystal in thermal equilibrium the charge 
balance equation is 

n + Nzn + 2Ni^ = p+ N a + — N n ~ (1) 

and 




( 2 ) 
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where n is the concentration of conduction 
band electrons, N^ n is the density of Zn atoms 
in the i th charge state, p is the density of the 
valence band holes, and N d + and N a ~ are the 
concentration of ionized donor and acceptor 
atoms, respectively, which are present 
initially in the crystal, and N Zn is the total 
concentration of Zn atoms. 

Expressing the concentrations N Zn and 
/V"~ in terms of N Zn and making the sub¬ 
stitution y = e“ fl *, where /3 = 1 IkT and <f> is 
the Fermi level measured from the valence 
band, we may solve equation (1) for N Zn 
and obtain 

N Zn = [d + ye 8 ' 5 * + y 2 e fl<e,+fcJ, )/(2 + ye 8 **)] x 
{N r y - NcC^y-' + N d ye $E "K\ + ye' 3 '-) - 
-NJO+ye^’)}. (3) 

In this equation N c and N v are the effective 
density of states in the conduction and valence 
bands, respectively, E u is the band gap energy 
(E„ = 0), and E d , £„, £„ and £ z are the ener¬ 
gies of the donor, acceptor, and lower and 
upper Zn levels, respectively. 

The resistivity, p r , of the impurity-com¬ 
pensated sample may be computed from the 
equation 

p,. = {q(p.„n + p p p)}~' — \q(p. n N c e Bk ‘y~' 

+ p.pN v y)}-' (4) 

where q is the magnitude of the electronic 
charge, and p.„ and are the electron 
and hole mobilities, respectively. Equations 
(3) and (4) express the resistivity, p r , and the 
Zn density, N Zn , in parametric form with y 
as the intermediate variable. 

The Fermi level 4> = — kT \ny is allowed 
to vary within the gap. For each value of 
4>, equations (3) and (4) define a unique 
value of p c and a corresponding value of 
N Zn for given values of N d and N„. (These 
latter two parameters determine the initial 
resistivity of the Si wafer.) 


EXPERIMENTAL RESULTS 
The resistivity, carrier concentration. Hall 
coefficient, and Hall mobility were measured 
over a range of temperatures for each sample. 
Figurd 1 shows the carrier .concentration as 
a function of 1 IT for three different samples. 
Curve (a) of Fig; 1 represents measurements 
on a very lightly Zn-doped n-type sample. 
Since the Fermi level is well above the upper 
Zn level for this sample (i.e. N d > N Zn ), the 
number of Zn atoms introduced into the 
sample can be determined by assuming that 
each Zn atom is in the doubly negative charge 
state, i.e. it will have removed two electrons 
from the conduction band. Hence 

T , °K k 10' 2 



Fig. 1. Carrier concentration vs. reciprocal temperature. 
Wafers a and c were n-type after impurity-compensation 
and wafer b was compensated p-type. 
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N Zn = n « ~ n c) ( 5 > 

where « 0 is the density of conduction elec¬ 
trons present before Zn diffusion and compen¬ 
sation and n r is the electron density in the 
compensated wafer. For the samples com¬ 
pensated to p-type (e.g. curve (b) of Fig. 1), 
N z „ was computed by taking 

y = e -3 * = p/A/,„p > n. 

Thus, from equation (3) 

Nz n = {p + (N/ - N„-)} {( 1 + (p/N v )e*"‘ 

+ (p/N,,)V (f; ' +£l »)} x [2 + (p/NJe**'}-'■ (6) 


The value of the hole concentration p meas¬ 
ured at temperature T was substituted in 



Fig. 2. Compensated resistivity, p r , vs. the concentra¬ 
tion of impurities, N 7ji , for the three initial resistivities 
used in this experiment. The numbers adjoining the 
various data points refer to the diffusions listed in Table I. 


equation (6) along with the appropriate value 
of (tV/ - N a ~), and N Zn was then computed. 
The sample resistivity at 300°K was also 
measured. A completely analogous procedure 
was used for those samples that were com¬ 
pensated to high resistivity n- type (e.g. 
curve (c) of Fig. 1). 

Figure 2 shows the resistivity p c of the Zn 
impurity-compensated samples as a function 
of N Zn for the three different initial resistivities 
shown. The data points are the measured 
values of p c and N Zn as determined from van 
der Pauw measurements. The solid lines are 
theoretical curves as computed from equa¬ 
tions (3) and (4) using the various measured 
values of (A rf + — N„~) for the three different 
sample initial resistivities. The mobilities used 
in equation (4) are those given by Ludwig and 
Watters [13]. No attempt was made to correct 
the mobilities for impurity scattering, as the 
density of impurities is quite low. Measure¬ 
ments of the Hall mobility of these samples 
confirms the validity of this assumption. 

Because of the appearance of the previously 
mentioned heavily doped p-type surface 



14 12 10 8 

Diffusion Anneal Temperature , °C x 10~ z 

Fig. 3. Solid solubility of Zn in Si. The curve is based on 
the data of Fuller and Morin[7], Carlson[8], and the 
present study. 
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layer upon completion of the Zn diffusion, 
an experiment was undertaken to determine 
the uniformity of the underlying bulk of the 
diffused wafer, van der Pauw samples were 
cut from different regions of a wafer, and the 
Zn concentration in these samples was 
determined. These data indicated that the 
concentration of Zn in the wafer was uniform 
within 7 per cent. When more than one wafer 
was placed in an ampoule for diffusion, the 
measured concentration of Zn was generally 
within a factor of two for all pieces. 

Finally, Fig. 3 gives the density of electri¬ 
cally active Zn atoms which are introduced 
during diffusion at various temperatures. 
Since Carlson [8] has shown that essentially 
all the Zn atoms in Si are electrically active. 
Fig. 3 may be taken as the solid solubility 
of Zn in Si and is so labeled. The curve of 
Fig. 3 includes the data of Fuller and Morin 
[7] as corrected and amended by Carlson [8], 
and is extended into the range from 1000° 
to 800°C by the data of the present work. 
The resulting Zn impurity solubility range 
covers the temperature interval from 800° 
to 1400°C. Although the additional tempera¬ 
ture interval added to the solid solubility 
curve by the present work is only ~200°C, 
this corresponds to about two orders of 


magnitude change in the Zn solid solubility 
and more than doubles the solubility range 
previously published. 
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Abstract- Experiments are reported which show that the tetragonal distortion in an AuMn alloy 
below the Neel temperature depends on the square of the antiferromagnetic order parameter. This 
result is shown to be consistent with a distortion dependent magnetic exchange energy. 

The specific heal of an AuMn alloy has been measured in the range 100°-600°K and the magnetic 
part of the specific heat curve agrees in detail with the predictions of a distortion modified molecular 
field model with 5 = 2. 

INTRODUCTION 

Alloys of AuMn near the equiatomic com¬ 
position have a cubic CsCl structure which 
distorts on cooling below the Neel tempera¬ 
ture to a /, phase with c/a < 1. On further 
cooling alloys containing less than —50 at.% 

Au distort further to produce a t 2 phase with 
da > 1 (Smith and Gaunt fl]). Single crystals 
of these alloys have been prepared and the 
crystallography of the transitions has been 
examined in detail by Finbow and Gaunt[2], 

The lattice distortion was measured in an 
Au 48-1 at.% Mn crystal by a multiple beam 
interference microscope technique over the 
temperature range 150°-500°K[2]. These 
measurements have now been extended to 
4°K. using powdered material and X-ray 
diffraction technique:. 

It is found that the distortion, expressed as 
(1— cl a), is directly proportional to the 
square of the long range antiferromagnetic 

"■Formerly at: Physics Department, University of 
Sheffield, England. 


order measured in the same crystal using neu¬ 
tron diffraction methods. A similar distortion 
dependence was found in a Cu 87% Mn alloy 
[3] where a simple theoretical model, based on 
a strain dependent exchange, was fitted to the 
data. A similar model is shown to fit well in 
the present work. 

The specific heat of an AuMn alloy has been 
measured and is compared with the excess 
specific heat near the Neel temperature pre¬ 
dicted by the distortion modified molecular 
field model with 5 = 2. The agreement is 
remarkable and suggests that the magnetic 
moments in this alloy can be regarded as 
completely localised with long range inter¬ 
actions between the spins. 

MICROSCOPIC SHEAR AND LATTICE 
PARAMETER MEASUREMENTS 

The cubic tetragonal transformation near 
the Neel temperature shows many of the 
properties of a martensitic shear transforma¬ 
tion and the polished surface of a single cubic 
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crystal shows a characteristic shear distortion by Bacon[4] who found a moment of -4-2 
which increases as cla decreases. It can be per manganese atom the moments being 
shown that the measured shear observed ordered in ferromagnetic sheets perpendicular 
should be (1/3)(1 -cla) and this prediction to the c axis; neighbouring sheets being anti- 
has been confirmed[2]. Measured values of parallel. In the present work the intensity 
the reduced distortion parameter (1 - c/a)/ of the (00£) magnetic neutron diffraction peak 
(1 — c/fl) 0 , where (l-c/a) 0 is the value at was measured over a range of temperature 
absolute zero, are plotted in Fig. 1. from 4° to 500°K. and the normalised intensity 

The measurements were extended to low of the peak ///„, where /„ is the intensity at 
temperatures using powdered specimens and 0°K, is also plotted in Fig. 1. The reduced 
a Philips X-ray diffractometer to measure c intensity is proportional to the square of the 
and a from the 312 and 213 reflections using long range magnetic order. The results show 
a copper target. The transformation tempera- that T, and T N are not exactly coincident, 
ture was somewhat higher, (507°K), in the This deduction might also be made from 
powdered sample. These results are also some recent results [51. The significance of 
plotted in Fig. 1 but with the transition this discrepancy is discussed below, 
temperature normalised to fit the single crystal 

results STRAIN DEPENDENT MOLECULAR FIELD 

MODEL 

NEUTRON diffraction MEASUREMENTS In reference [3] a strain dependent exchange 

The structure of the /, phase was deduced model for spin i was developed. It was found 



Fig. I. The square of the long range order parameter deduced from neutron intensity 
measurements of the (001) magnetic peak in an Au 481 at.%Mn alloy is plotted against 
temperature as indicated by circles. Also shown are the reduced distortion parameter 
(I -cfa)/(l-cfa) 0 deduced from shear measurements (triangles) and from X-ray data 
(squares). The solid curve is theoretical with S = 2, K = 0-25. 
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that both distortion, (1 - cja ), and cell volume 
showed a dependence on magnetic order in 
the Cu 87% Mn alloy investigated. In the 
AuMn alloys the cell volume shows no anom¬ 
aly below the Neel temperature but as shown 
in Fig. 1 the distortion depends directly on 
the square of the magnetic order. 

For this alloy, therefore, it is sufficient to 
discuss the dependence of exchange energy 
on the distortion. Let x, y, z be the principal 
strains of the originally cubic lattice. In the 
absence of external stress x and y are equal 
because of the symmetry of the exchange 
interaction and: 

2(1 —cja) = (x + y-2z) 

if terms in jr 2 , y 2 and z 2 can be neglected. 
Following the methods of [3] and [9] the 
exchange energy for unpaired spin S in the 
material can be written as: 

Ue= ~ lsh kTNR1[l+ ^ {x+y ~ 2z)] 

in 

where /3 is a constant defining the dependence 
of the exchange energy kT N on the distortion 
and R is the ratio of the sub-lattice magnetisa¬ 
tion at temperature T to that at 0°K. The strain 
energy assdciated with each spin 5 is given by: 

U, = a(x 2 + y 2 + z 2 ) + 2b(xy + yz + xz) (2) 


Hence: 

(1—c/q) . 

(1-c/fl), 

The free energy per magnetic jspin will be: 

G = U E + Us — kTIn W{R,S) 

where W(R, S) is the number of spin arrange¬ 
ments consistent with a given R. Thus: 


= 3 (sfl) «V?[l+j3(jt+y-2z)] 

— *Td(ln W) 


Now 


d G dG , L dG , dG , , dG 

dR-V* r+ V>' + ^- dz+ 7« 

dG J S 
• ' dR ~ 2l \S + l) kTf/R 

[ 9/ 5 \ fi 2 R 2 kT„ ] 

L 1 + 2\5+l/ (a-b) J 

— kTd (In W). (4) 


Minimising G with respect to R gives 
T 3 SR 

T„~ (5+l)d(ln W) (l+KR ) 

where K is the coefficient of R 2 in equation 
(4). This expression reduces to an analytical 
one for 5 = { as shown in (3) when: 


where 


dflnWO = iln[(l +/?)/(!—/?)]. 


vY(l-v) vvY 

Q _ 2(1 + r>)(1 — 2v) an ~ 2(1 +r')U-2v) 

v being the volume per spin 5, Y is Young’s 
modulus, and v Poisson’s ratio. This expres¬ 
sion applies strictly only for an isotropic solid. 

Minimising t/ s +t/ fi with respect to x, y 
and z gives: 


2(1 




5 

kT/R 2 

,5+1, 

>(a-b ) 


(3) 


The relation between T and R for K = 0 has 
been tabulated for values of S from { to 1[6]. 
As the first part of equation (5) is not K 
dependent it is thus possible to calculate the 
distortion modified relation between T and R 
using the tabulations and appropriate K 
values. A curve for 5 = 2 and K — 0-25 is 
plotted in Fig. 1 and fits the data well. It was 
found that a curve for S = i could not be 
made to fit for any value of K, particularly at 
low temperatures. The value of S = 2 is 



182 


D. C. FINBOW. P. MAKHURANE and P. GAUNT 


reasonable for the alloy in which Bacon’s 
results[4] indicate 5 = 2-01. Ho and Bindloss 
[7] support the assignment of a localised spin 
for this materia! in that they observe only a 
small linear temperature dependent contribu¬ 
tion to specific heat at low temperatures which 
can be adequately explained in terms of 
conduction electrons. This implies that the 
unpaired magnetic spins lie in levels well 
below the Fermi energy. 

SPECIFIC HEAT OF AuMn ALLOYS 
Experimental method 

The specific heal of an Au 50-2 at. % Mn alloy has been 
measured in the present work from 90°K to 650°K. A 
combined heater and incremental thermometer of 
‘Anodal’ wire was used to measure the specific heat by 
a simple heat pulse method. This wire is pure aluminium 
insulated by an aluminium oxide coating which does not 
deteriorate, therefore, at 500°K. The specific heat curve 
is plotted in Fig. 2 and the error is not more than 3 per 
cent. The anomaly near 370°K is associated with the 
l, - r, change as this alloy was found to be t 2 at room 
temperature with c/a — 1 -04. 

Separation of magnetic contribution to specific 
heat 

The specific heat curve at 100° and 638°K 
has been matched to a curve: 

C p =f(T/d) + cT 


where f(T/6) is the Debye specific heat and C 
is a constant. A curve with 6 - 254°K and 
C = 2-4 x 10 -3 cal./deg 2 is shown in Fig. 2. 
The differences between this curve and the 
experimental points are plotted in Fig. 3 and 
represent the magnetic contribution to the 
specific heat [8], 

For any localised spin model the entropy 
associated with the magnetic transition is 
given by k In (2 S + 1) per magnetic spin S. 
From Fig. 3 the total change in entropy 
associated with the curve is: 

Q 

yd T = 3-45 cal./deg/gm atom manganese. 

The alloy measured has a mean 5 of 2-1 [4] so 
that there could be 90 per cent of sites with 
spin 2 and 10 per cent spin 3. With this as¬ 
sumption, the predicted entropy change is 
3-27 cal./deg/gm atom. 

Detailed comparison of specific heat with 
model 

The total entropy calculation gives such a 
good fit to the results that a detailed compari¬ 
son of specific heat with the predictions of the 




LATTICE DISTORTION IN AuMn 


183 



Fig. 3. Magnetic specific heat in cal./gm atom of manganese is indicated by 
circles. The solid curve is theoretical with 5 = 2, K = J. The dotted curve is 
theoretical with 5 = 2, K = 0. 


model above has been attempted. The mag¬ 
netic part of the free energy after minimisa¬ 
tion with respect to s, y, and z is given by: 

u E + u s = — 1(5+7) kT » R2 [ 1 + f * 2 ] ■ 

The magnetic specific is given by: 


W d R 
dR ' AT 


x[l + KK*]. (7) 


Thus from (7) and (5) C M can be determined. 
R ARldT was determined from the slope of the 
theoretical R 2 against T/T N curve excepting at 
T n where an analytical solution is available. 
Smart[9] gives the relation between R and T 
near the Neel temperature as: 


10 (S+l) 2 T n -T 

3 (S + l) 2 + S 2 ' T N 



This expression corresponds to equation 5 for 
K = Oand T -* 7V Thus as T -* T N equation 
(5) becomes: 



The transition is therefore of first order if 




For S = 2 the critical K is therefore 0-433. 
Thus for R -» 0 


Ts 





Substituting in equation (7) the specific heat 
as /? —> 0 is, therefore, given by: 



The steepness of the specific heat curve as 
T —* T n thus depends strongly on the value of 
AT. If AT is put at i the specific heat discontin¬ 
uity at the Neel temperature is 19-87 cal./deg/ 
gm atom of manganese. The value of K = } 
found for the 48-1 at.% Mn alloy would give a 
discontinuity of 10-58 while K- 0 gives 4-58 
cal./deg/gm atom. In Fig. 3 the experimental 
values of C M are compared with the theoretical 
curve calculated from equation (7) with S = 2 
and K = $ and K — 0. The total enthalpy 
under the curve for K = i is 1195 cal./gm 
atom compared with an experimental value 
of 1262 cal./mole. 
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DISCREPANCY BETWEEN NlilEL TEMPERATURE 

AND TRANSFORMATION TEMPERATURE 

There is a difference between the cubic tetragonal 
transformation temperature of 472°K and the N6el 
temperature of JOCK observed in the same crystal of 
Au 48-1 at.% Mn. The dilation and specific heat measure¬ 
ments reported in [61 also show a discrepancy of - 12“K. 
This difference is not accounted for directly in the model 
discussed above. The model, however, tacitly assumes 
that one tetragonal crystal grows from the cubic phase 
without interference from competing tetragonal orienta¬ 
tions. Three different tetragonal orientations are possible 
corresponding to the (100> axes of the parent cubic 
crystal. Suppose that initially the tetragonal phase forms 
uniformly throughout the sample but with C axes oriented 
at random along the three possible (100) directions. If the 
volume of each tetragonal region is small (—100 A) and 
the distortion is small then there will be no martensitic 
shear and the X-ray reflection will be interpreted as cubic. 
As the distortion increases, however, the strain energy 
due to interaction of different tetragonal orientations will 
increase until it becomes energetically favourable for the 
crystal to transform martensitically to a finely twinned 
tetragonal product. The {110} twin boundaries separate 
two orientations whose C axes are almost at 90° to each 
other[2]. The strain energy, due to impingement of 
neighbouring tetragonal nuclei in the randomly trans¬ 
formed tetragonal phase, will be proportional to (r + y 
— 2z)* and will consist of area and volume contributions 
for each tetragonal nucleus. In order to transform by a 
shear transformation a habit plane joining the finely 
twinned product and the randomly transformed phase 
must be formed. This habit plane can then move through 
a region of sample causing transformation to the twinned 
product accompanied by a shear. In the twinned product 
there will be an energy associated with the area of the 
twin walls and an energy associated with the formation 
of the habit plane boundary. Microscopic observations 
indicate that habit plane boundaries occur in the same 
place on successive cycles through the transformation 
which suggests that particular transformation dislocations 
are always present in the sample. The energy of the habit 
plane will be a minimum when the distortion (x + y — 2z) 
exactly matches the shear of the transformation disloca¬ 
tion. Putting *= (x + y- 2z) the extra strain energy in 
the randomly transformed phase could be written: 

A (P + QW 

where P and Q are constants representing area and volume 
parts of the energy. This extra energy will slightly reduce 
the value of K in equation (5). When the habit plane and 
twin boundaries are introduced the energy will be of the 
form: 

Af/ - (l-ojfl^+IFU-eoji + age' + aPe* 

where a is the untwinned fraction, B is the twin wall 
energy constant, W is the habit plane energy constant 
and t 0 is the distortion which exactly matches the shear of 
the transformation dislocation. Minimising the total V 
with respect to < gives an equation: 


* (a-b + const.) 

This equation is analogous with equation (3) and shows 
that in the presence of the habit plane e will be finite even 
when R = 0. This cannot give the lowest possible free 
energy and therefore, as R 0 the randomly transformed 
free energy with no habit plane (i.e. W = 0 and a = 1 in 
equations above) will be the lowest. As c -» e„, however, 
the twinned situation with a habit wall and a —> 0 will be 
favoured. As this argument is illustrative only and the 
values of the various constants are unknown a rigorous 
analysis of the equations has not been attempted. The 
main feature of the model which gives the required 
properties is the W(t — e 0 ) ! term which arises because of 
the presence of transformation dislocation arrays in the 
crystals. 

CONCLUSION 

The work presented above indicates that a 
distortion modified Weiss molecular field 
model explains the distortion of the alloy 
AuMn below the Neel temperature in the 
tetragonal phase with c/a < 1. The same 
model gives a remarkably close fit to specific 
heat data around the magnetic anomaly. The 
model accounts simply for the sharpness of 
the anomaly which contrasts strongly with the 
predictions of models not including the dis¬ 
tortion term. The distortion term is likely to 
be important in any antiferromagnet while in 
ferromagnets a volume dependent exchange 
energy would produce similar modifications 
to the properties. The distortion term has been „ 
included here in the simplest possible model 
where it accounts for about 25 per cent of the 
total enthalpy change from absolute zero to 
the Neel temperature. More sophisticated 
models which nevertheless take no account of 
the distortion could, therefore, be in error by 
this amount. 

The fact that the modified Weiss molecular 
field model fits the data so closely lends sup¬ 
port to the suggestion of Ho and Bindloss[7] 
that the unpaired spins are essentially localised 
in this alloy and that exchange interaction 
extends beyond nearest neighbours. 
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TECHNICAL NOTE 


Electrical resistivity of PdH, system for H/Pd 
atom ratios to 0-97 

(Received 9 April 1969; in revised form 9 June 1969) 

Recently, Bambakidis, Smith, and Otterson 
[1] presented a model to explain the effect 
of deuterium concentration on the resistivity 
of the PdDj system. The mode! is based on 
the screening of the conduction electrons 
from the deuterium ions for x < 0-55 at 4-2°K, 
and the presence of an NaCl type structure 
for x > 0-55. The predictions of the model 
were compared to measured PdDj data in 
which the maximum D/Pd atom ratio was 
0-90. Our purpose is to present experimental 
results for the PdH x system up to x — 0-97. 
These results are discussed in terms of the 
Bambakidis, Smith and Otterson (BSO) model. 

In a review by Lewisl2], the highest H/Pd 
atom ratio, x, cited for the PdH x system was 
0-88. No detailed study of resistivity vs. x at 
4-2°K was mentioned. In this work we 
measured the resistivity of PdH x at 4 2°K 
and 273°K for x up to 0-97. We attained these 
high H/Pd atom ratios by electrolytic de¬ 
position of hydrogen into a palladium wire 
cathode. We used an electrolyte of 0-1 
N H 2 S0 4 containing Na 2 S and formaldehyde. 
The resistivity was measured potentiometri- 
cally with the standard four probe technique. 
The hydrogen content was determined by 
mass spectrographic analysis after vacuum 
desorption at 573°K. 

Our experimental results are presented in 
graphs of p x lp a vs. x for temperatures of 
4-2°K (Fig. 1) and 273°K (Fig. 2); p 0 is the 
resistivity of an annealed palladium specimen 
and p x is the resistivity of the same specimen 
after the absorption of hydrogen. At 4-2°K, 



H/Pd Atom ratio, x 


Fig. 1. Resistivity ratio p x lp 0 vs. H/Pd atom ratio U) 
at 4-2°K. p„ is the resistivity at 4-2°K (annealed prior to 
absorption). p x is the resistivity after absorption. The 
PdH T specimens were cooled from room temperature 
to 4-2°K in 8±2 sec. 

p x /p 0 shows little change up to x — 0-36. As x 
increases above 0-36, p x /p 0 increases more 
rapidly reaching a peak value of approximately 
116 for x — 0-70. Then p x /p 0 decreases to 
about 40 per cent of its maximum value at 
x =* 0-97. At 273°K, (Fig. 2), a knee appears 
at x = 0-02. This has been attributed to the 
initial appearance of the /3-phase [2]. For 
larger x, p x /p 0 increases almost linearly to a 
maximum value of about 1-9 for x between 
0-7 and 0-8. As x increases beyond 0-8, p x /p 0 
decreases to about 1-35 at x ~ 0-97. The 
significant difference between the data at 
4-2°K and 273°K is the dissimilarity of the 
Px/po v s. x relationship up to x = 0-7. Most 
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H/Pd Atom ratio, x 

Fig. 2. Resistivity ratio p r lp u vs. H/Pd atom ratio (x) 
at 273°K. p 0 is the resistivity at 273°K (annealed prior 
to absorption). p x is the resistivity after absorption. 

of the data shown in Fig. 1 were obtained 
from specimens that were cooled from room 
temperature to 4-2°K, in 8 ± 2sec. We observed 
variations in p x (at x~ 0-5) as large as 10 
per cent upon repeated quenching of the same 
specimen. The only variable was rate of 
quenching. Below x = 0-36, no variation with 
respect to quench rate was observed. At 
4-2°K, the resistivity measurements did not 
change with time. Upon quenching, the speci¬ 
men passed through a temperature range 
where time dependent resistivity changes 
occurred[3,4J. Such changes have been 
attributed to transitions of some of the 
hydrogen ions from octahedral to tetrahedral 
palladium lattice sites (O-T transitions or 
/3-/3* transitions) [5], We believe the scatter 
due to quench rate is due to differences in 
time available for O-T transitions to occur. 

We shall now use the BSO model to inter¬ 
pret our experimental results for the PdH x 
system. The model is divided into two parts, 
0 < x =s 0-55 and 0-55 x 1, In the first 
part, we assume the f.c.c. palladium lattice 
expands linearly from a lattice parameter of 
a — 3-88 A at x — 0 to approximately 4-02 A 
at x — 0-55. Actually, a two-phase system 


exists for 0-02 « x « 0-60; the a-phase with 
a = 3-89 A, and the /3-phase with a =» 4 02 A. 
There are no values of a between 3-89 and 
4-02 A- For x < 0-02 a varies continuously 
from 3-88 to 3-89 A. For x > 0-60, only the 
/3-phase exists. In both the a and /3-phases, 
the hydrogen normally occupies the octahedral 
sites at room temperature [6]. The BSO model 
assumes the hydrogen ions are randomly 
distributed throughout the palladium lattice 
(i.e. the a and /3-phases are randomly distri¬ 
buted). This is supported by the almost linear 
increase in (p x tp n ) with x at 273°K for 0-02 < 
x < 0-70; and the absence of appreciable 
scatter at both 273°K and 4-2°K for 0-02 ^ 
x s* 0-60 (where the a and /3-phases coexist). 
Vuillemin has deduced from deHaas- 
vanAphen experiments that pure palladium 
has 0-36 hole in its d-band[7]. Presumably, 
the lattice expansion, caused by the hydrogen 
absorption, and the presence of interstitial 
hydrogen ion alter the Fermi surface and cause 
the failure of the rigid band model noted in 
[1]. This change in the Fermi surface causes 
the d-band to be filled at 0-55; instead of 0-36. 
At 4-2°K (Fig. 1), it is assumed that the 
hydrogen ions are screened from the con¬ 
duction electrons by the highly localized 
palladium d-band for 0 < x < 0-36. For 
036 < x ^ 0-55 the hydrogen electrons go 
increasingly into r-states. This results in 
a decrease in the screening effect and a more 
rapid increase in p x lp 0 as x increases from 0-36 
to 0-55. 

Above 0-55 the stoichiometry of the NaCl 
type lattice influences the shape of the 
curve. Vacancies are filled in the hydrogen 
lattice and p x /p„ goes through a maximum 
near x=0-75 and then decreases to approxi¬ 
mately one at x= 1. The curves resulting from 
these assumptions combine at x=0-55. 

The screening effect decreases for increasing 
temperature. According to the BSO model, 
the screening effect is dependent upon the 
electron donated by the hydrogen atom being 
associated with the palladium d-band. The 
electrons are distributed between the s and 
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d-bands at all temperatures. However, the 
density of available electron states in the d- 
band at the Fermi level decreases with 
increasing temperature [8,9]. We base the 
extension of references [8] and [9] to the 
PdH r system on the similarity of the curvature 
of the p vs. T curves of pure palladium and 
PdHj for x up to 0-40 [3], i.e. the curvatures 
are concave toward the T-axis above approxi¬ 
mately 80°K. Also, thermal contributions to 
the resistivity at 273°K are of the same order 
as the structural resistivity which is con¬ 
sistent with p(273°K)/p(4-2°K) for the un¬ 
charged annealed specimen. This decrease 
in screening and the thermal contributions 
result in the differences in the shapes of the 
curves at 4-2°K and 273°K. 

The PdHj data for pj/p 0 vs. x is quite 
similar to the p x lp n data for the PdD^. system 
reported in [1]. The maximum values of 
p r lp a are somewhat greater for PdD* than 
for PdHj at both 4-2°K and 273°K. However, 
for x < 0-36 at 4-2°K, pjp n values of PdH x 
and PdDx are essentially equal. Apparently, 
where screening was dominant, screening 
obscured any effects due to differences in 
the two hydrogen isotopes. 

Screening can be used to explain other 
features of the PdHj. system. One is that 
specific heat measurements [10J suggests that 
O-T transitions occur down to x = 0125 but 
resistivity measurements imply O-T transi¬ 
tions do not occur below jr = 0-48[11]- 
Screening prevents the O-T transitions 
from being seen by resistivity measurements 
below x = 0-48 but not by specific heat 
measurements because specific heat measures 
the total energy of the system. 


Finally, the observation that scatter is 
observed in the resistivity data at 4-2°K for 
x > 0-36 but not for x < 0-36 is readily 
explained by screening. Indeed, where the 
screening effect is dominant, resistivity 
appears to be independent of, the octahedral 
or tetrahedral position of the hydrogen isotope 
in the palladium lattice or of such hydrogen 
isotope differences as mass or spin. 

In conclusion, it appears that the model 
derived to explain the effect of composition 
on the resistivity of PdDx can be applied 
to PdHx. 

Lewis Research Center, R. J. SMITH 

Cleveland, D. A. OTTERSON 

Ohio, U.SA. 
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Abstract—An equation of the formal* = — A t — A 3 N t + B t IT, where a u = In y t /(l — A'i)*, has been 
found to fit the solubility data for the Ge and Si systems investigated by Thurmond [5] better than the 
composition independent form. It has been further shown that evaluation of the quantities AS,- M and 
SH, from this functional dependence of a is too sensitive to the approximation used to be reliable. 
The a parameters in the Ga-As and Ga-P systems are also found to fit the proposed formalism, with 
A :l being composition dependent in each case. A correlation of a,* with atomic ‘size factor’ has been 
found in the four systems investigated when all the solute elements are in the same group of the 
periodic table. 


1. INTRODUCTION 

The activity coefficient of one element is 
known to be affected by the presence of other 
elements present in solution. Wagnerfl] 
proposed a power series expansion in terms 
of the mole fractions of the various elements 
present that is expected to hold approximately 
for the dilute solution case. A quadratic 
formalism or a-parameter approach proposed 
and studied by Darken [2-4] is a much more 
suitable procedure for evaluating the concen¬ 
tration dependence of activity coefficients for 
alloys of appreciable solute content. In the 
present investigation, we will use a parameter 
a differing only by a factor of 2-303 from that 
of Darken; i.e. 

In y i , n 

12 (1 -A/,) 2 (1) 

where -y, is the activity coefficient of the 
solvent (subscript 1) and where equation (1) 
is a consequence of the Margules expansion 
for the excess partial molar free energy of the 
solvent in a binary system, 

AF/ A = /mny,. (2) 

In the Margules power series of (1 — N 1 ) n , 
the n = 0 terms must be absent in order to 


satisfy Roult’s Law and the n = 1 term must 
be absent in order to satisfy the Gibbs- 
Duhem equation. The series therefore reduce 
to 

AV a ' = /M(1 -AM 2 -M 3 R(1 ~N,Y+. ... 

(3) 

A/7, = B 2 R( 1 —N,) 2 + B,R( 1 — Af,) 3 +- 

(4) 

where A H x and AS, '' are the partial molar 
enthalpy and partial molar excess entropy 
respectively. 

A Ft™ = A//, - FAS, ™ (5) 

Therefore, a, 2 is given for a binary system 
by 

a 12 = - A^ ~ A 3 N 2 + —[B 2 + B 3 N 2 \ + .... (6) 

where N 2 is the mole fraction of the solute 
element 2 and the A, and B, are constants. 
As a simplifying approximation for this 
paper, we shall neglect the higher power 
terms and will, in addition, presume that B 3 
can be neglected, giving 

*12 = ^2 ~A 3 N 2 ~f~- 0) 


191 



192 


M. V. RAO and W. A. TILLER 


For a strictly regular solution, defined by 
A S, xs — 0, we find A 3 = A 3 = 0 so that a 12 = 
BJT. For a real solution, if we find that A 3 
and B 3 need to be either concentration or 
temperature dependent in order to fit experi¬ 
mental data, we must abandon equation (7) 
and must use an expanded form of equation 
( 6 ). 

In the interest of simplicity, Thurmond and 
Kowalchik[5] truncated equation (6) even 
further by setting A :i = 0 in equation (7) and 
chose to define a* as a* = RT In y,l( 1 — N,) 1 . 
Thus, they used a relation of the form a* — 
Bt—AtIT which would give them a tempera¬ 
ture independent a* for a regular solution. 
They made an extensive study of the Ge and 
Si systems with numerous binary constituents 
and, although their simple form of a* was 
adequate in many cases, it was clear that in 
several cases concentration effects were 
present. It thus seemed appropriate to 
utilize the somewhat more complete form of 
a, represented by equation (7) as a fitting 
parameter for this data. 

Departure from ideality in solid solutions 
has been attributed to several reasons 
including valence and size effects. If Eyring’s 
quasi-solid model of the liquid state (a solid¬ 
like structure with a large number of holes) 
is accepted, it would not be unreasonable to 
consider roughly similar rationales in liquid 
solutions. Since a is directly related to the 
departure from ideality, it is possible that 
there is a size factor correlation between 
a )2 ’s where all the ‘2’ elements are in the same 
group of the periodic table, thus holding the 
valence effect constant. 

Hildebrand [9] investigated several systems 
and found that k„ defined by R T In y ,/(1 - /V, ) 2 
varied with composition at a given tempera¬ 
ture. whereas k « defined by RT\nyJ(\ — </>,) z 
where <f>, is the volume fraction of solvent 
T\ was substantially constant with variation 
of <ft v The two factors entering when volume 
fractions are substituted for mole fractions 
are packing density and atomic size. If the 
Goldschmidt CN12 atomic diameters [6] 


are used, the only variable factor is atomic 
size. One may take this as evidence pointing 
to the fact that atomic size has a correlation 
with the composition dependence of a; 
i.e. A Si xs , and possibly with A F, xs . In the 
solid state, a size correlation with A5/ s has 
been suggested by Freedman [10], Such a 
correlation has been investigated here for 
some systems. 

2. FIT OF FORMALISM WITH EXPERIMENTAL 
DATA 

Ge and Si systems 

As expected, a better fit to the data of 
Thurmond and Kowalchik[5] was found 
using equation (7). The coefficients obtained 
from a least squares analysis of their data are 
listed in Tables 1 and 2. In some cases, the 
fit was strikingly better (see Figs. 1 and 2). 
The significance of Figs. 1 and 2 is to show 
that, if the A 3 term is included in the analysis, 
then a is found to be linearly dependent upon 
1/7 as proposed in equation (7). We do this 
by correcting, via equation (7), the tempera¬ 
ture and concentration dependent data to the 
single concentration listed in the figures so 
that only the proper temperature dependance 
should be revealed if equation (7) is the 
appropriate fitting function. In the determina¬ 
tion of the coefficients, obviously inaccurate 
points were neglected (such as when three 
solubilities were tabulated at a single tempera¬ 
ture and one was vastly different from the 
other two). In many cases, the solubility 
measurements were made at low Ge (or Si) 
concentrations only ; thus, the reliability of the 
coefficients for use at high Ge (or Si) concen¬ 
trations is in some doubt. The tables also 
list the expected limits of reliability. In two 
particular cases, Si-Pb and Si—Bi. the data 
covered the region N sl < 0-01. These 
coefficients are likely to be very unreliable, 
consequently, since spurious compositional 
effects could be introduced by even minor 
experimental inaccuracies. In each of the 
foregoing systems, it was found that the 
composition dependence of a was linear. 
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Table 1. Excess free energies in the Ge systems: the power series 

coefficients 


Element ‘2’ A. t 

inGe 

A 3 

B, 

1 

Expected range of 
good reliability 

(N<*) 

Au 

-0-6499 

0-03995 

— 2515-1 

0-1-0 

Ag 

- 1-0352 

2-16559 

1201-3 

0-1-0 

Cu 

-1-75575 

0-367989 

- 1548-2 

0-1-0 

Ga 

-0-07663 

0-363630 

57-99 

0-0-50 

In 

-0-06404 

-2-42964 

-1257-5 

0-0-5 

Tl 

+ 1-75)09 

-0-38449 

3367-68 

0-1-0* 

Al 

-0-57877 

+ 1-16948 

— 1270-8 

0-10 

Bi 

+ 0-82808 

-0-52725 

2398-4 

0-0-35 

Sb 

+ 0-85088 

+ 0-03465 

1189-6 

0-10 

As 

-6-4920 

-2-60552 

-8323-7 

0-45-1-0 

Cd 

+ 0-8957 

-0-71869 

1527-5 

0-0-45 

Zn 

+ 2-2110 

+ 3-68280 

4121-6 

0-1-0 


*Only three data points available. 


Table 2. Excess free energies in the Si systems: the power series coefficients 


Element '2' 
in Si 

A,, 

A, 

B, 

Expected range of 
good reliability 
(A* si) 

Au 

+ 11-747 

+10-220 

- 24290 

0-1-0 

Ag 

-3-7174 

-2-6631 

-6725-3 

0-1-0 

Cu 

-5-7915 

— 4-3019 

- 11751-6 

0-0-9 

Ga 

+ 0-46958 

+ 0-3560 

+ 19.38-8 

0-0-5 

In 

+ 2-8389 

-2-2214 

4501-4 

0-0-2 

Al 

+ 0-2358 

+ 0-63708 

-620-85 

0-1-0 

Bi 

- 

- 

- 

* 

Sb 

-0-18475 

-1-26158 

931-88 

0-0-25 

As 

-21-08 

-10-310 

+ 37370 

t 

Pb 

- 

- 

- 

* 

Sn 

+ 5-1473 

-7-0262 

1073-7 

0-0-10 

Zn 

+ 8-8408 

- 10-078 

548-9 

0-0-10 


*Data covers N Sl < 0-01; coefficients very unreliable and, hence, not listed. 
tOnly three data points available, in the range 0 60-0-70. 


Darken and Gurry [6] plotted a vs. composi¬ 
tion (at constant temperature) and found that 
the dependence was either linear, exhibited 
two linear segments, or was a smooth curve. 
This could be expected in our analysis also 
and was, in fact, found in the next system 
investigated, Ga-As, 


Ga-As system 

Thurmond [7] investigated the Ga-As 
system and found that the a* parameter 
did not fit an equation of the form a* — b + 
aT. Arthur [8] conducted further experiments 
with better accuracy in the estimation of 
y As and obtained a fit of a A8C;a to an equation 
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same composition. This is exactly what is 
observed here, as can be seen in Fig. 3. 

Ga-P system 

Thurmond [7] also investigated the Ga- 
P system in the same study as Ga-As but did 
not attempt to give a formulation for either 
a (;aP or a„ ]a . The form of equation (7) was 
fitted to his activity coefficient data with the 
use of his Ga-P phase diagram. Once again, 
the a W ; a vs. A P line was found to be segmented 
and the a (;a p curve also broken into one line 
and one curve, the two breaks being at roughly 
the same composition, as shown in Fig. 4. 
The a w;d equations are given below. For 
a (;ill >, the equation at constant composition 
(A/,. = 0) is shown; the compositional part 
can be obtained from Fig. 4. 

Results; 


bm, = - 2-6080+ 0-4077 A Ga + 


638 

T 


for 


Fiji. I. « aMU as u function of 1/7" at constant 40% Au 
composition compared with o*, s i Au as a function of 

7(51. 

of the form a* = -bT, thus concluding that 
the heat contribution was zero. He could not, 
however, get a< luAlt to fit equation!8) and 
attributed this to the -y (1 „ being 'less reliable’ 
than the y Aa since it was calculated from the 
latter and not determined directly. It must be 
pointed out here that we concern ourselves 
only with the «'s calculated from Arthur's 
pressure measurements. He also determines 
the regular solution model a’s by Vieiand’s 
method from the liquidus, but these are dis¬ 
regarded as having little significance in this 
system. 

The form indicated by equation (7) was 
fitted to the activity data of Arthur[8], It was 
found that a break in the a As « a vs. A As line 
was required to obtain the fit indicated in 
Fig. 3. Darken and Gurry (6] have suggested 
that, if the a 12 line has two linear segments, 
the a*, line will have one linear and one 
curved segment, the breaks occurring at the 


A Ak « 0-45 


638 . 


= - 2-6080 + 0-921 iV lia + y for 
A a , 0-45 

«,;aAs = - 26-690 + at /V As = 0 

a,, (;a = - 6-554 - 5-527 A (!a + for 
for A P *£ 0-32 

= - 6-554 - 8-567 A Ga + for 


for A P 25 0-32 

a liaP = - 110-3+^— at A P = 0. 


3. SIZE EFFECT CONSIDERATIONS 
Solutions of Group I elements (Li, Na, K) 
in Hg at 25 C C were first considered. The 
values for a at low concentrations were 
obtained from Dealy and Pehlkefl 1] and a 
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probably be used. A similar correlation with 
size factor was found for some Group II 
elements in Bi as solvent at 600°C. In Fig. 6, 
the Mg, Cd and Hg values were corrected to 
600°C from 700°C, 500 Q C and 320°C respec¬ 
tively using an approximate relation of the 
form a = AIT. This could be in error, but its 
magnitude is expected to be small since the 
a’s themselves are small. 

For Group III elements in Ge, a GeA Was 
calculated at N x = 0-02 where X — Ga, In, 
A1 and Tl, at 1333°K. The Goldschmidt CN12 
atomic radii were used. Ga, In and AI are 
seen to have a fair correlation (Fig. 6) with 
size factor whereas Tl is quite far off. A simi¬ 
lar odd behavior of Tl was observed in 
Cd solutions in comparison with Ga and In 
(data from Turkdogan and Darken [4]). 
The a GeA - computations were made from 
Table 1 at high Ge(N v , e — 0-98) concentrations 
where the coefficients could be slightly in 
error. For Group V elements in Ge, a iwx 
was calculated at N x = 0-02 where X = As, 





Fig. 2. a,^ ?n as a function of 1/7 at constant 60% Zn 
composition compared with a as a function of T [5], 


Fig. 3. Oca* and a Atna as functions of As composition at 1430°K. 


was seen to have a linear variation with 'size 
factor’ defined by (,R 0 — R)IR where R 0 
and R are the (metallic) radii of solvent and 
solute atoms respectively (see Fig. 5). When 
the solutes differ in crystal structure, the 
Goldschmidt CN12 atomic radii should 


Sb, Bi at 1233°K. A good fit was obtained (Fig. 
6). In all the other Ge and Si systems, extra¬ 
polations to Ge rich concentrations were 
either unreasonable or data existed for less 
than three elements in the same group; thus, 
no correlations could be attempted. 
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Fig. J. Size factor dependence of a. Systems: Group I 
elements in Hgand Group II elements in Bi. 

4. DISCUSSION 

(i) Comparison of the fit of the Thurmond 
and Kowalchik data with equations (7) and 
( 8 ) 

In general, a better fit was obtained for the 
form of equation (7) than for equation (8). 
In some cases, the improvement was not signi¬ 


ficant, especially when the data covered small 
composition ranges. This is indicated by the 
small contribution of the A :l term in these 
cases. In some other cases, the improvement 
was striking. Two such are the Ge-Zn and 
Si-Au systems. For the latter, Thurmond and 
Kowalchik obtained considerable scatter 
about the line they drew, and for the former 
they could not get a linear variation. Equation 
(7) gives a good fit for both, as seen in Figs. 
1 and 2. 

(ii) Effect of taking B ; , - 0 
Keeping B 3 = 0 in equation (6) appears to 
give a good fit with the data and the error 



Fig 1 . 6. Size factor dependence of a. Systems: Group 
III and Group V elements inGe. 
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introduced in so doing is generally less than 
4 per cent in the estimation of a. Its magnitude 
depends partly on the relative importance of 
the heat term. In the Ga-As system for the 
a Ast;a function, the contribution of entropy 
predominates, so the effect of taking B 3 = 
0 is very small i.e. leading to an error of the 
order of 2 per cent in the A F Al xs . In the Ge- 
Au and Ge-Ag systems, both equations were 
tried. The fit with B 3 # 0 was necessarily 
better but whereas (in the Ge-Au system) 
the A F, xx at an arbitrary liquidus part of 
N ( ie — 0-573, differed by only 2-75 per cent, 
the AH, and A S, xs values were vastly 
different. 



AH,, 

A ^ xs 
LA-Ac.f 



(cal/mole) 

(e.u.) 

(cal/mole) 

»., = 0 

- 1063 

-•276 

-819 

«, * 0 

+ 8800 

+ 10-360 

-797 


A similar striking difference was observed 
for the Ge-Ag system and for a A „t; a . The 
apparent conclusion is that the values of 
AS, XX and AH, obtained by these methods is 
extremely sensitive to the approximation and 
completely unreliable. There is an indication, 
however, that successive approximations 
could lead to a convergence of the AH, 
and A S, xs values. The next three approxima¬ 
tions following equation (7), in Ge-Ag, appear 
to support this view; i.e. convergence is rapid 
for both AH ( , and A S (k . xs . Were this always 
so, a reliable estimate of these two quantities 
could be obtained; but no conclusions are 
drawn regarding this at this point. 

(iii) Size factor 

Correlations between a, at dilute concen¬ 
trations, with size factor have met with some 
success in the systems studied. The basis for 
expecting some such correlation appears 
reasonable and should certainly be extremely 
useful. If in the solid solution the solute is 
predominantly interstitial (as opposed to 
substitutional), one would expect the correla¬ 


tion to break down. A similar rationale may be 
attributed to the quasi-solid liquid state for an 
absence of correlation. 

(iv> Ga-As 1 

It appears from the functional relationship 
obtained to express the a Astia data that 
AH,, though small, is not negligible in com¬ 
parison with AA, XS ’. It has further been shown 
that estimation of these quantities by such 
procedures can be erroneous. The system 
does not appear to be ‘athermal’ from the 
relative magnitude of the two quantities. For 
example, consider the liquidus point at /V As = 


0-257 and 
finds, 

1/r = 0-7075 x 10- 3 

°K~‘. One 


45*™ 

(e.u.) 

(cals/mole) 

(cals/mole) 

B, = 0 

2190 

600 

2860 

b 3 # 0 

4 040 

3225 

2845 


Arthur’s formulation of RT In -y As /( 1 - /V As ) z 
= — 3-7 T gives a very good fit with experimen¬ 
tal data; but then it appears that successive 
approximations do little to change the A F A / S 
whereas the effect on the AH, and A S, xs 
is large. A comparison of AF As va from 
equation (7) and Arthur’s equation and his 
experiment, shows that the difference is 
small (Fig. 7). At high As contents, however, 
the relatively large errors in Arthur’s curve 
would be expected to cause a scatter about 
the a vs. T line. The equation (7) relationship 
fits much closer to the experimental data 
obtained by Arthur. The significant point, 
however, is that equation (7) fits the -y 0a 
data whereas fit with the a* = a + bT equa¬ 
tion could not be obtained by Arthur. 

(v) Ga-P 

Thurmond’s data was experimentally 
obtained only within the range N P = 0-2 
to 0-4 but he made reasonable extrapolations 
on either side. Both of these extrapolations 
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Fig. 7 AT,as a function of As composition 


appear to be excellent in that they fall on the 
« vs. composition (at constant temperature) 
lines predicted from the 0-2-0-4 region (both 
for a<;„ P and a Ka ). The log y P curve has a 
very slightly lower trajectory with N f beyond 
N = 0-75 according to our analysis (with a 
small corresponding change in the log y c , u 
curve). See Fig. 12 in |7). 

3. CONCLUSIONS 

The a w = —A t — A 3 N 3 + B 2 lT form of 
representation is seen to fit the Ge and Si 
systems better than the composition indepen¬ 
dent form. The inclusion of the next term in 
the expansion (B 3 * 0) has been found to 
produce only marginally different results. 
However, it is found that the A.S', vs and 
A/f, quantities change considerably with the 
different orders of expansion used as the curve 
fitting expressions. This leads one to conclude 
that estimation of these quantities by this 
type of approach is too sensitive to the 
approximation to make it reliable for a 3 or 


4-term expansion. The term A 3 can be 
expected to sometimes vary with composition 
over the total composition range of the 
diagram if one uses only the 3-term expres¬ 
sion. 

A correlation of the a-parameter in dilute 
solutions has been found with 'size factor’ 
in the systems investigated. A reasonable 
basis has been proposed but no unequivocal 
conclusions drawn regarding the universality 
of this behavior. 

The Ga-As and Ga-P systems have been 
re-analyzed using the data of Thurmond 
[7] and Arthur[8] and found to fit the propos¬ 
ed 3-term formalism for u As(;a . a r , aAS , a,. (!a 
and a (M >. The coefficient A :i was found to 
vary over the composition range of the 
diagram in each of these cases. The results 
suggest that the Ga-As system is not 
‘atherma!’. 
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DIE OPTISCHEN ABSORPTIONSSPEKTREN VON Ni 2+ 
IN Cl- und J-BORAZITEN* 
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Zusammenfassung - Die optischen Absorptionsspektren von Ni ,+ in Ni-Cl-, Ni-J- und Ni-dotierten 
Cd-Cl- und Cd-J-Boraziten wurden im Temperaturbereich von etwa 4,2°-635°K gemessen. Bei 
tiefen Temperaturen wurden vielfach Flankenstrukturen der Absorptionsbander be’obachtet, Eine 
Beschreibung der gemessenen Spektren im Rahmen des Kristallfeldmodells bei Annahme einer 
tetragonalen und einer etwas kleineren kubischen Kristallfeldaufspaltung wird vorgeschlagen. 

Abstract—The optical absorption spectra of Ni !+ in Ni-Cl-, Ni-1- and Ni-doped Cd-Cl- and Cd-I- 
boracites were measured at temperatures ranging from 4-2° to approximately 635°K. At low tempera¬ 
tures, we often observed fine structures of the absorptionbands. A description of the measured spectra 
within the frame of the crystal-field-model, assuming a tetragonal and a slightly smaller octahedral 
crystal-field splitting, is suggested. 


EINLEITUNG 

Die Borazite, die nach dem in der Natur 
vorkommenden Kristall Mg 3 B 7 0 13 Cl benannt 
werden, lassen sich durch die Summenformel 
Me 3 2+ B 7 O l3 X~ beschreiben, wobei Me eins 
der Metalle: Mg, Cr, Mn, Fe, Co, Ni, Cu, 
Zn, Cd, und X ein Halogen; Cl, Br, oder J ist. 
Nach einer Analyse von Ito et al. [1] liegt der 
natiirliche Borazit bei Temperaturen T 
> 265°C in der ‘a-Phase’ vor mit der Raum- 
gruppe TV 5 (F43c), bei T < 265°C in der 
73-Phase’ mit der Raumgruppe C* r (Pca2,). 

Seine Ferroelektrizitat in der /3-Phase 
wurde von le Corre[2] vermutet; bei einem 
GroBteil der kiinstlichen Borazite, die sich 
nach einem von Schmid[3] angegebenen 
Transportreaktionsverfahren herstellen lassen 
und deren Struktur weitgehend mit der des 
Mg-Cl-Borazits iibereinstimmt, wurde die 
Ferroelektrizitat der /3-Phase von Ascher 
et al.[ 4] iiberpriift. 

Durch Mossbauer-, optische und rontgeno- 
graphische Methoden konnte bei einigen 
Boraziten bei tieferen Temperaturen auch 
noch eine trigonale Phase C® p (R3c) gefunden 
werden [5], 

Die 3d-MetaIl-Borazite weisen iiberdies 


‘Auszugaus einer Darmstadter Dissertation, D17. 


interessante magnetische Eigenschaften auf 
(6,7], Sie haben, soweit untersucht, negative 
Curie-Weisstemperaturen; vielfach tritt 
gebunden an den antiferromagnetischen 
Ordnungszustand ein ferromagnetisches 
Moment auf. Beim Ni-J-Borazit beobachtet 
man unterhalb des a-/3-Umwandlungspunktes 
(64°K) den magneto-elektrischen Effekt[8]. 

In Tabelle 1 sind einige wicbtige Daten der 
hier behandelten Borazite zusammengefaBt. 

Die optischen Absorptionsspektren von 
Boraziten und ihre Erklarung sind noch 
nicht bekannt. Die ersten Messungen an 
einigen 3d-Ubergangsmetall-Boraziten fiihrte 
Elschner durch[9]. In dieser Arbeit werden 
die Absorptionen von Nickel in verschiedenen 
Boraziten fur den sichtbaren und nahen 
infraroten Spektralbereich wiedergegeben. 
Die bei Temperaturen unter 100°K auftreten- 
den Strukturen in den Absorptionslinien 
werden diskutiert. AuBerdem wird eine 
Zuordnung der beobachteten Ubergange zu 
berechneten Kristallfeidniveaus des Ni 2+ -lons 
vorgeschlagen. 

EXPERIMENTELLE ERGEBNISSE 

Mit einem Leitz-lnfrarot-Spektralphoto- 
meter (Model! II1G) wurden die Absorptions¬ 
spektren von Ni-Cl-, Ni-J-, und Ni-dotierten 
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Tabelle 1. Einige wichiige Dalen der hier behandelten Borazite 



Ni-CI 

Ni-J 

Cd-CI 

a-fi- UmwandlungMemp. (°K) 

610 

64 

798 

« elektr. Curietcmpcrattir 
Gitlerkonit. c (A). 20°C 

12,019 

12,046 

12.49 

n^Bohrv-he Magnetonen) 

4.13 

4,15 


(Hochtemp. extrapolation) 
tVntTieftcmp. extrapolation) 

T C (*K),(H. T. Extrap.) 

3,69 
- 108 

- 325 


T c CK) (T. T. E.xtrap.) 

- 14 

“ 


T„('K) 

+ 15 

120: 7, = 64“K 



Cd-J 

Mg-CI 

611/623 

538 

12.56 

12,1 


'• 80"K keine orthorhombisch-trig. Umwandlung|5| 


(3) 

(3) 

( 6 ) 

( 7 ) 

( 6 ) 

(7) 

(7) 


Cd-CI- und Cd-J-Boraz.iten im Bereich von 
0.35-19/a bei Temperaturen zwischen 4,2 
und Liber 600°K aufgenommen. AIs Proben 
wurden unter Vcrwertung der nalurlichen 
(100)-, (110)- und (III)- Flachen auf elwa 
0,05-0,5 mm Dicke geschliffene und polierte 
Kristallplaltchen (etwa l-bmm 2 nutzbare 
Fliiche) verwandt. 

Im Wellenlangenhereich > 3,5 m konnten 
(bei Vergleich mit Cd- und Fe-Boraziten) 
keine Ni J+ -Absorptionen sicher festgeslellt 
werden. Fiir den iibrigen Spektralbereich 
zeigt ein Vergleich der Abb. 1-4, dab sich 
die Spektren von Ni—Cl- und Ni-J-Borazil 
atiBer in geringen Intensitals- und Wellenzahl- 
verschiebtingen kaum unterscheiden. Die 
Absorptionsstiirken sind fiir 3d-lon-Kristall- 
feldspektren von ublicher GrdBenordnung 
(f — 10 6 — 10“*) mit Ausnahmc der kurz- 
welligen Absorptionen, besonders des Ni-J- 
Borazits bei A *£ 370 mjt; die nur gering Ni- 
dotierten Cd-CI-bzw. Cd-J-Borazite lassen 
fiir das Band bei 420 m fi Oszillatorstarken 
von 10~<— 10“ 3 bestimmen, fiir A « 360m/u 
waren auch unter 0,5% Ni-dotierte Cd-J- 
Borazite undurchlassig. Dieses Verhalten legt 
die Interpretation als ‘Charge-Transfer’- 
Ubergang nahe, der bei den kovalenteren J- 
Nachbarn(K)] bei niedrigerer Energie als bei 
den Cl-Nachbarn zu erwarten ist. 

Mit abnehmender Temperatur ist eine 
Verschmalerung der Ubergange und das 
Auftreten von Strukturen in den Absorptions- 
linien zu beobachten. (siehe z.B. Abb. 1 bei 


A = 1050 m/a) Die Anderung der Absorp- 
tionsminima ist fiir die bei Schmid [3] aufge- 
fiihrte Thermochromie der Ni-Cl- und Ni-J- 
B. verantwortlich. Auffallige Anderungen der 
Spektren beim tt-0-Phaseniibergang treten 
nicht auf; ebensowenig Linien- und Intensi- 
tatsverschiebungen, die auf mehrere Grund- 
termkomponenten mit verschiedenem Spin S 
innerhalb etwa 300 cm -1 hinwiesen. Unter- 
suchungen mit polarisiertem Licht zeigten 
keine die Messunsicherheit iibersteigende 
Variationen der Absorption. (Die Absorp- 
tionsmaxima waren dabei allerdings z.T. 
apparativ nicht erfassbar.) 

Die Spektren von Ni 2+ (Konz. bereich etwa 
0.1-75%) im Cd-CI-B. (Abb. 5 u. 6) und 
Cd-J-B. (Abb. 7) unterscheiden sich bis auf 
kleinere Verschiebungen und entsprechend - 
geringere Intensitat nicht von denen der 
konzentrierten Borazite. Dies gestattet es, 
selbst fur die Analyse der 100% Ni-Borazit- 
Spektren ein Ein-lonen-Modell als Naherung 
zu verwenden. 

DISKUSSION DER SPEKTREN 

Nach der Strukturanalyse des Mg-CI- 
Borazits durch Uo et ul. [1] besitzen a- und 
0-Phase des Kristalls ein unverandertes 
Boroxidgeriist, in dessen Hohlraumen die 
Mg- und Cl-lonen verschiebbar angeordnet 
sind. Die kubische Elementarzeile umfasst 8, 
die orthorombische 4 Formeleinheiten. 

In der kubischen Elementarzeile sind je 
8 der 24 identischen Oktaeder urn Mg-lonen 
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parallel zu den 3 WUrfelkanten angeordnet. 
Sie bestehen aus 4 nicht ganz koplanaren O- 
lonen und 2 Cl-lonen in groBerem Abstand 
auf der z-Achse (Abb. 8(a)). Die Punkt- 
symmetrie des Metaliions ist 5 4 , bei Beriick- 
sichtigung nur der 6 nachsten Nachbarn D 2rf . 

Jeweils nur 4 der 12 Oktaeder in der 
orthorhombischen Elementarzelle sind aqui- 
valent. Dabei sind die Mg-Ionen um etwa 


0,24 A entlang der z-Achse gegeniiber den 
entsprechenden Lagen bei der a-Phase 
verschoben (Abb. 8(b)), die Cl-lonen um 
0,21 A entlang der kubischen (111)-bzw. 
(11J )-Richtungen. Die drei inaquivalenten 
Oktaedertypen stimmen nicht iiberein: 

1. in den Winkeln 6 und <{> fur die Mg-Cl- 
V erbindungsachsen; 
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Abb. 2. Absorptionsspcklrum des Ni-CI-Borazils. Bei den Tieflemperaturspeklren ist fur A > 3,5 fi 
die Absorption der Dewar-Quurz-Fenstcr uberlagerl Die beidcn Absorplioncn bei etwa 3,57 und 
3.7 m (AP ~ 96 - 96,5 cm 1 fiir Fe-, Ni-. (d-CI-B. Sr — 92,5 cm"' fiir Cd-J-B) Iralen auBer bei 
Ni-J-B. mil Icichten Verschiebungen bei alien untersuchlen Boraziten auf. (Gitlerschwingung in 

j3-Phase’) 


2. darin, daB in einem Fall die spontane 
elektrische Polarisation || zur z-Achse, in 
den beiden andern senkrecht dazu gerichtet 
ist. Die Punktsymmetric des Mg-lons ist 
streng nur noch C,. 

Die Gittcrkonstanten der kiinstlichen Boraz- 
ite unterscheiden sich nur wenig von denen 
des natlirlichen Mg-CI-Borazits; die Raum- 
gruppen des Ni-CI- und Ni-J-Borazits 
stimmen mit denen des Mg-CI-B. uberein; 
dasselbe ist auch fiir die Nahumgebung der 
Ni* + -JU>nenzuerwarten[! 1J. 

NP*«SPEKTREM NACH DEM KRISTALLFELD- 
MODELL 

Bei Verwendung der Strukturdaten fur 


die 6 nachsten Nachbarn aus[l] ergeben sich „ 
nach dem Punktladungsmodell fur ein 
eirizelnes Ni 2+ -3t/-Elektron die Aufspaltungs- 
biider aus Abb. 9. ({ r”) aus Freeman and 
Watson(12], D 2(J -Gruppentafel aus Griffith 
110]). Beriicksichtigung von 50 nachsten 
Nachbarn in der a-Phase fuhrt zu keiner 
prinzipiellen Anderung, wie Trooster[13] 
im Fall von Fe 2+ zeigte. In der ferroelektri- 
schen /3-Phase sind die permanenten elek- 
trischen Dipolmomente fiir Abb. 9 vernach- 
lassigt. Da das Punktladungsmodell bestenfalis 
qualitativ richtige Ergebnisse liefert, soil 
dieser Rechnung nur entnommen werden, 
daB die Aufspaltungsbiider fiir alle 4 
Oktaedertypen (Abb. 9) sich weitgehend 
gleichen. 
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Zur genaueren Analyse wurde eine 
Kristallfeldrechnung fur die a^-Konfiguration 
in tetragonaler Symmetric (D 2d -Termbezeich- 
nungen) unter Verwendung der bei Tanabe 
et a/. [14,15] angegebenen Matrixelemente 
und Clebsch-Gordan-Koeffizienten durch- 
gefuhrt und mit einer IBM 7090 ausgewertet. 
(E x -£„-AufspaItung vemachlassigt). Die 


Parameter 10£><j, E, FIE (Abb. 9), B und 
ClB wurden variiert. 

Um die Vieldeutigkeit der Termzuordnung 
(ohne Polarisationsaussagen) nur nach 
Energielagen einzuschranken, wurden fol- 
gende Kriterien beriicksichtigt: 

(1) Zur Erklarung der beobachteten Ni* + - 
Suszeptibilitaten [6,7] mull zumindest bei 
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hohcren Temperaturen (T > I5°K im Ni- 
Cl-B., T» I20°K im Ni-J-B. (a-Phase)) 
ein Triplettzustand besetzt sein ( 3 Bi(de*dy 2 ) 
Oder ^A^de'dy 3 ), kubische Orbital-Bezeich- 
nung). 

(2) Die Annahme eines tieferliegenden 
Singuletts 'A^d^dy 2 ), mit der Heinrich et al. 
(16} die mit der Temperatur abnehmende 
Suszeptibilitat des Ni-J-B. erkiaren konnten 
(AE *• 160cm -1 ), lieBe eine starke Intensi- 
tatsabnahme einzelner Ubergange zu tiefer 
Temperatur hin erwarten. Dies wird jedoch 
nicht beobachtet (Abb. 3 u. 4). 

(3) Die Spektren von Ni 2+ in J- und Cl-B. 
sind sehr ahnlich. Die sonst bekannte 
verschiedene KovaJenz und Kristallfeldstarke 
(10] von J und Cl wirkt sich hier demnach 
wenig aus. Dies wird durch die geringe 
Variation der Isomerieverschiebung von 
Fe* + in Ni-CI/J/Br-B. bei den Mossbauer- 
untersuchungen Trooster’s( 13] unterstrichen. 


(4) Die i'reien-Ni 2+ -lon-Werte Z?=1030 
cm 1 . C = 4,7 \-B sind in lonenkristallen in 
der Regel durch KovalenzeflFekte um 10-20% 
reduziert. 

(5) Der kubische Kristallfeldparameter 
10 Dq berechnet sich nach dem Punktladungs- 
modell zu 

10 = <'«>:/,= * 

/=1 1 

Die hier eingefuhrten Skalenfaktoren f t 
wurden an die experimentellen Daten 

NiO; R — 2,09 A; = — 2e\ 

10 Dq 9100 cm' 1 

NiCI 2 ;K = 2,55 A; <?, = —le; 

lODq = 7000 cm -1 

angepasst und danach fur Ni 2+ in der Borazit- 
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Abb. 7. Absorptionsspektrum eines Ni-dotierlen Cd-J-Borazits (etwa0,3% Ni). 



Abb. 8.(a) Mg-Nahumgebung in der a-Phase des Mg-Cl-Borazits nach Ito 
[1], 8(b) Mg-Nahumgebung (z.B.) in der/3-Phase des Mg-Cl-B. nach ltoll). 


a-wie /3-Phase bei Vernachlassigung der 
Abweichung von tetragonaier Symmetric 
1 0 Dq < 8200 cm -1 ermitteit. 

(6) Fur die Parameter E und F gilt nach dem 
Punktladungsmodell [ 10] 

2 E = ^(V35^ <r<> -5yJ„ <r*> 

— 4V5yJ 0 <r i )) = X 4 + X i 


3F = (- V35y' u (r 4 ) + 5yJ 0 <r“) 

-3VJ yZ 0 (r*)) = -X 4 + $X i . 

X 4 < 1700 cm -1 lasst sich nach dem unter (5) 
angewandten Verfahren abschatzen, Fur 
X 2 lieB sich kein Skalenfaktor bestimmen, es 
wurde in weiten Grenzen variiert (X t *» 
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rt-Ptw*. /3 - Phase 



oktacdr. tetrag Anttil dtr Aufspaltung 


Abb. 9. Aufspallungsbilder fiir einzelnes N i* + -V-Eleklron im Borazil nach dem Punkt- 

ladungsmodell. 


8400 cnr = 50(H), FIE = 0,3 nach 
reinem Punktladungsmodell, tetrag. Naherg.) 

(7) Auswahiregeln. Bei D srf -Symmetrie 
transformiert sich der Operator fur elektrische 
Dipolstrahlung nach den Darstellungen E 
|| x,y) und B 2 (|| z). derjenige fur magnetische 
nach E( 'f'll-r.v) bzw. /4 2 (|| z). 

Demnach waren die Ubergange 

A i -* E,B t \ B., -* E,A,: A 2 -* E.B, fur elektr. 
Dipol- und A x —* E.A 2 \ B 2 —* £,/?,; A 2 -* 
E,A , tur magn. Dipol-Strahlung erlaubt. 

In der/3-Phase gibt es streng keine Auswahi¬ 
regeln mehr. In beiden Phasen besit/.t die Ni- 
Umgebung keine Inversionssymmetrie. 
AS = O-Ubergange sind intensiver als die 
nur durch Spinbahnkopplung erlaubten AS 
# O-Ubergange. 

(8) Schmale Linien in den Spektren der 
3</-Ionen, wie die im Ni-CI-B-Spektrum bei 
etwa 714 m/z treten nur bei elektronischen 
Ubergangen zwischen 2 Niveaus auf, die in 
gleicher Weise vom Kristallfeld beeinflusst 
werden[17], 

(Diese Bedingung ist bei dem 3 B 2 (de 6 
dy 1 ) — » ‘BjCdeVy^-Ubergang im Ni-CI-B 
erfuUt, bei dem 3 A 2 (de 5 dy 3 ) -* l B 2 (de B dy 2 )- 
Ubergangim Ni-J-Bjedoch nicht!) 


(9) Der Ubergang bei 1,2^ im Ni-J-B 
ist auflallig starker als der Ubergang bei 1,35 
jaim Ni-CI-B (Er ist nur im Ni-J-Borazit 
Spin- und El -erlaubt). 

Unter diesen Bedingungen wurden die in 
Tabelle 2 und 3 wiedergegebenen Zuordnungen 
gewahlt. Abb. 10 gibt die dabei angenommene 
KristalJfeldaufspaltung fur ein einzelnes 3 d- 
Elektron wieder. 


Ni-CI -Borazit Ni-J-Borazit 



Abb. 10. Angenommenes Aufspaltungsbild fUr einzelnes 
Ni a, -Elektron. 

(Die Spinbahnkopplung ist bei den Berechnungen 
vern*ehlassigt. Sie flihrt zum Beispiel zur Aufspaltung 
det beiden tiefsten friplettzustande mit starkerer 
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Tabelle 2. Vergleich der gemessenen Ni 24 -Spektren im Ni-Cl-B mit berechneten Werten 
bei der Parameterwahl: B = 900 cm~'\ C = 3600 cm -1 ; (C/B = 4,0) Dq = 700 cm ~ l ; E= 

8400 cm -1 ; F = 3957 cm -1 ; (F/E= 0,471) 


Beobachteter Ubergang 
p(cm - ') 

(T s; I00°K) 

Intensitat* 

Fber. 

(cm -1 ) 

Ubergang von 
^(’.4 *(6,2)) 
nacht 

Intensitat^ 

Spin-Bahn-Komponcntcn: 

~ 400$ 


287 


((+-)) 

A t .E 



2063 

'zM'£(6,2)) 

(-+) 

A\ 

3450-4350(3920) 

St 

3930 

3 £( 3 £ 2 (5,3)) 

+ + 

E,A i + J9j 

6620-6800(6725) 

SW I 





6940-7810(7350) 

m + 1 

7485 

3 fl,( 3 £ 2 (5,3)) 

((+-)) 

B 2 ,£ 

8400-8890(8620) 

sw + 1 







8685 

M,(‘£,(5,3)) 

<(—)) 

A 2 

9350-10150(9265) 

sw* 





10870-12660(11630) 

St 

11591 

3 £( 3 £,(5,3)) 

++ 

E,A X + Ai + B\-\- B% 

14000 

sw + 

13982 

‘^('£(6.2)) 

(—) 

s* 

15340-15720(15500) 

sw 

15988 

'A,CA,( 6,2)) 

(-+) 

A i 

16310-17240(16735) 

m 

16788 

'E('F t (5. 3)) 

«-+)) 

E 

18520-20000(18980) 

St 







21276 

'Bi('£ 2 (5,3)) 

(-) 

B, 

21510-25320(22990) 

ssl 







25813 

•^j( 3 £ 1 (4,4)) 

((+-)) 

A,,E 

26810 

sw 

26121 

’£('£,(5.3)) 

((-+)) 

E 

27955 

ssw 







29936 

3 £< 3 £,(4,4)) 

+ + 

E,A i -f* A 2 -f flj ■+■ B 2 

30440-31250 

sw 







36085 

'/4,(‘£(4,4)) 

(-+) 

A i 



36748 

’£('£*(4,4)) 

«-+» 

£ 



37633 

'£*('£( 4,4)) 

(—) 

Bi 



37824 

l B,('£ 2 (4,4)) 

1 ) 

B, 



58650 

'A,('A ,(4,4)) 

(-+) 

A, 


*sst, xehr stark; si, stark; m, mittel; sw. schwach; s, sw. sehrschwach. 

tD 2( j-Termbezeichnung; in Klammern Haupt-Oktaeder-Anteil mil Angabe der besetzten dt und dy-Orbitalzah- 


len. 

tA.V = O-Obergang. in D 2d -Symmetrie £I-erlaubt; 
Grundlerm Komponenten aus erlaubt. 

§Nach niagnetischem Suszeptibililatsverlauf. 


Absenkung der M, = O-Komponenten. Dabei werden 
die Komponenten des 3 /4 2 -Niveaus in erster storungs- 
theoretischer Naherung urn einen Faktor 6 (Ni-CI-B- 
Termsystem) bzw. 9 (Ni-J-B-Termsystem) weiter 
getrennt als die des 3 ff 2 -Niveaus. In diesem Rahmen 
lassen sich die beobachielen paramagnelischen Suszepti- 
bilitaten (6,7) erklaren. Sie sind beim Ni-J-Borazit in 
der oi-Phase hauptsachlich durch die thermixch besetzten 
hoheren Niveaus bedingt, wahrend beim Ni-CI-B 
tiefliegende Niveaus den groBten Beitrag liefern.) 

Die Zuordnung der schwachen Absorption- 
en zwischen 9000 und 11000 cm -1 zu Uber- 
gangen zum 'A 2 -Niveau und zu Spinbahn- 
komponenten des 3 £-Terms wurde nicht 
versucht. Unsicher bleibt noch die Klarung 
des Ursprungs der starken Ubergange bei 


durch Spin-Bahn-Kopplung von einer. (()) von beiden 


19000 und 23000 cm - '; hierbei kann es sich 
um die spinerlaubten Ubergange (bis auf einen 
Zweielektronenspriinge) zu den 3 A 2 (de 4 
dy 4 )- und 3 E (de 4 </y 4 )-Niveaus handeln; zu 
fordern ware dann, daB die (de 4 r/y 4 )-Niveaus 
durch starkere Ligandenwechselwirkung 
gegeniiber den (de 5 dy 3 )- und (de 9 dy 2 )- 
Niveaus um etwa 7000 cm -1 beim Ni-Cl- 
und etwa 7500 cm -1 beim Ni-J-Borazit 
abgesenkt sind und daB die Ubergange dieser 
Wechselwirkung auch ihre Intensitat verdan- 
ken. 

(Eine andere Moglichkeit ist, diese Absorp- 
tionen als Ni 3+ -Ubergange zu deuten, deren 
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9 wi t+.loektren im Ni-J-Borazit mit berechneten 

Tabelle 3. Verbid, der ». c = 3420 cm- 1 ; (C/B = 3,8) Dq = 720 c«-» ; 


Beobachteter Ubergang Intensitat ■ 

Hem ') <tm ’ 

it *, 100° K) 

Ubergang von 
3 A,( 3 F,(5.3)) 
nach t 

Intensitat} 


Sptn-Bahn 
Kompone nten 
A „E 

IS Of 

3480-4700(4065) 

6560-74)0(6990) 

7690-8890(8300) 


6 24 

•’/?i.( 3 /! 2 (6,2)) 

«+-)) 


C* 

m 

sw 

st 

985 

• 4349 

1 7955 

1 8515 

•A,('E(6.2)) 

5.3)) 
'A.J'F,( 5,3» 
J «,(’Fi(5.3)) 

(—) 

+ + 

(—) 

++ 

Ai 

E,A 

At 

B,.h 

t +A 2 + B 1 + Bt 

10050 

.sw 

1 





10.5(H) 

sw 






ll(HH)-l 1400 
11980-13200(124(8)) 

SW 

st 

1 

12455 

*EUF, (5.3)) 

++ 

E.A, 

+ ■+■ B t + Bi 

13950 

sw 4 

1 

•BJ'EU>.2» 




142(H) 

sw 4 

f 14260 

((—)) 

B 2 


149(H)-152(H) (151 IK)) 

sw 4 

15800 

M,('/(,(6.2)) 

(—) 

A i 


16100-17000 (165(H)) 

m + 

1685 1 

'E('E\t 5.3)) 

((-+)) 

E 


18020 

sw 






19250-20800(197501 

st 


•B.CF.t 5,3)) 




22150 

sw 4 

21963 

(-+) 

B\ 


22730-7 







22730-24390 

sst 1 






25975-303(8) 

sst | 

26505 

, E('F,(5.3)) 

((-+)) 

E 




27248 

34 2 ( 3 Fi(4,4)) 

((+-)) 

A ,.E 




31571 

: '£'( :| F,|4.4» 

+ + 

E.A , 

+ /4 2 + By-\- Bi 



37570 

'4,<'F(4,4)) 

(—) 

AC 




38140 

, £( , Fj(4.4)) 

((-+)) 

E 




38775 

■fl 2 ('£(4.4)) 

((—)) 

Bz 




38965 

■B 1 ( 1 F S <4,4)) 

(- H 

B, 




58893 

'.4 ,(34 ,(4.4)) 

( -) 

A i 



*s(st, sehr stark; st, sturk; m, mittel: sw, schwach; s.sw, sehr schwach. 

+/) w -Termbe/.eiehming: in Rlammern Haupt-Oktacder-Anteil mit Angabe dcr besctzten dt und dy-Orbitalzah- 
len. 

O-Ubergang. in /);, ( -Symmetne E l-erlaubt; () durch Spin-Bahn-Kopplung von einer, (()) von beiden 
Grundterm Komponenlen aus criaubt. 

{Nach magnetischem Siis/eptibilitatsverlauf 


groBe Intensitat im nahen Ultraviolett in 
AI 2 O s von McClure beobachtet wurde[18]. 
ESR-Spektren von Nickel dotierten Cd-CI- 
und Cd-J-Boraziten, die Rosenhauer[21] 
mit einem effektiven Spin 4 beschrieben 
konnte, weisen auf das teilweise Voriiegen 
nicht zweifach ionisierten Nickels hin. Diese 
Untersuchungen sind am 11. Physikalischen 
Institut der Technischen Hochschule, Darm¬ 
stadt, zur Zeit noch im Gang). 

STRUKTUREN IN DEN NI-SPEKTREN 
Die bei Temperaturen unter 100°K in den 
Ni-Borazit-Spektren beobachteten Strukturen 


(siehe z.B. Abb. 1 bei \ = 1,050 /j.) sind nach 
Lage und Aussehen zum groBten Teil als 
Schwingungsstrukturen (A? = 100 cm' 1 , siehe 
Tabelle 4 und 5) zu erkliiren[18. 19], Leider 
sind von Boraziten noch keine Schwingungs- 
analysen bekannt, so daB ein direkter Ver- 
gleich damit nicht moglich ist. Es ist zu 
erwarten. daB hauptsachlich Schwingungen 
des Ni-lons und seiner Nah-Umgebung beim 
elektronischen Ubergang mit angeregt wer- 
den. Alleinige Halogenschwingung fiihrt bei 
gleicher Federkonstante zu einem Frequenz- 
verhaltnis s V35/127 ss 0,525, im 

allgemeinen Fall sollte es wegen Mit- 
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Tabelle 4. Strukturen in den Ni-Cl-Borazit-Spektren (T*£ 100°K, 

(104 ±5) cm -1 ) 


ijbergang (cm* 1 ) 

Strukturen (cm* 1 ) 

Interpretation. Bemerkungen 

7000 (Abb. 2) 

7050 

0 -» 0 wegen uberlagerten 


6947 (T * 80°K) 

1 -* 0 U n tergrundes (H s O- 


7147,7262 

0 -» 1,2 Oberschwingungen) 
unsicher. 

9500 (Abb. 1) 

9265 

0-*Q fph => (103±3)cm* 1 


~ 9162 (T 3 80° K) 

1 -* 0 Huang-Rhys-Faktor 


9365,... 

0— n,n= 1-6 S m> — 4-5 


10050+n-90 

anderer elektronischer Ubergg. 

10870-12660 


zu geringe Durchlassigkeit 

14000 (Abb. 1) 

Siehe Abb. 11(a) 

Aufspaltung von etwa 25 cm" 1 
im Grundzustand, von 40 cm* 1 
im angeregten (z.b. Phononen) 

15500 (Abb. 1) 

15001,15120, 
15275, 15412, 

15513 

zum Teil bekanntes At 

19000 (Abb. 12(a)) 

Siehe Abb. 11(b) 

~ (105 + 5) cm* 1 . Mittlere Zahl 
von emittierten Phononen etwa 

6. d.h. erhebliche Verschiebung 
der Gleichgewichtslage zwischen 
Grund- und angeregtem Zustand. 
n' = 0 und n" = 0 rein elektronisch 
oder durch Emission von 1-2 

Phononen verschoben. 


(Absolute Verschiebungen von Liniengruppen mit der Temperatur (GroBenordnung 
einige cm* 1 ) sind vernachlassigt. Relative Genauigkeit +3 cm' 1 im roten undrt5cm*’ 
im blauen Spektralbereich). 


Tabelle 5. Strukturen in den bii-5-Borazit-Spektren 
T« 100°K. v nh * (95 ± 5) cm~' 


(jbergang (cm* 1 ) Strukturen (cm* 1 ) interpretation, Bemerkungen 

Erklarung unklar; sehr schmal fur Spin- 


4000(Abb. 4) 

3200 

3380 

3570 

14000 (Abb. 3) 

13950 
14200 

16000 (Abb. 3) 

15883 

(T = 4,2°K) 

15987,. 

19750 (Abb. 12(b)) 

19300 

(7“ = 4,2°K) 

19392,. 


Bahn-Komponenten von 3 E{de >, dy :t ) (HjO- 
Absorptionen iiberlagert). 

Aufspaltung im angeregten Zustand. z.B. 2 
Schwingungsniveaus. 

(15883 + n(97 ± 9)) cm" 1 
n = 0...5; S = 7 
(19300+ rr(93 ± 5)) cm* 1 
n = 0,...4„; 5 = 6-7 


schwingens anderer lonen naher bei 1 
liegen. Das tatsachlich beobachtete Verhalt- 
nis vj. b Ip C i. b ~ 0,91 zeigt die durch die 
Halogenmassen bedingte Tendenz. Die 
aquidistanten Folgen von 0, 1,2 ... Quanten 
deuten auf einen ‘geraden’ Schwingungstyp 


hin, die Frage nach seiner Symmetric ist 
nicht entschieden. Da beim Ni-J-Borazit 
nicht schon von seinem a-/3-Umwandlungs- 
punkt an (also T =£ 64°K) Schwingungs- 
strukturen beobachtet werden, miissen bei 
ihm die Schwingung starker gedampft oder 
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14100 

14040 

14000 





I | II IN I III M I I 



v (T£100° K) 


theoret. 

exp*rim. 

100 c rn 




Abb. 11. Vergleich beobachleter Strukluren im Ni-C'l-B- Speklrum mil vorgeschlagenen Inlerpretalionen. (a) 
llbcrgangbei 14000 cm -1 , (b) Ubergang bei 18500cm" 1 . 


andere beitragende Gitterschwingungen noch 
thermisch angeregt sein. 

RESUME*: 

Die Absorptionsspektren von Nickel in 
Ni-CI- und Ni-J-Boraziten unterscheiden 
sich nur wenig voneinander oder von denen in 
Ni-dotierten Cd-C'l- und Cd-J-Boraziten. 
Das Ein-Ionen-Modell wird in difeser Arbeit 
deshalb als brauchbare Naherung betrachtet 
und die wesentlichen Absorptionen im 
sichtbaren und nahen infraroten Spektral- 
bereich werden Kristallfeldiibergangen des 
Ni* + -Ions zugeordnet. Dabei sind die Para¬ 
meter soweit wie moglich an bekannten Ni 2+ - 
Daten orientiert. Der tetragonaJe Anteii 
der Kristallfeldaufspaltung ist bei der vorge- 
schlagenen Zuordnung etwas groBer als der 


kubische. Die Erkliirung der bekannten 
magnetischen Suszeptibilitaten der Ni-Cl- 
und Ni-J-Borazite ist in diesem Rahmen 
moglich. Die Beschreibung der intensiven 
Absorption im blauen und nahen ultraviolet- 
ten Spektralbereich erfordert aber eine starke 
Absenkung der beiden hochstliegenden Trip¬ 
letts gegeniiber den errechneten Lagen. 

Bei tiefen Temperaturen werden in der 
niedersymmetrischen Phase von Ni-Cl- 
wie Ni-J-Borazit aquidistante Flankenstruk- 
turen an vielen Absorptionsbandern gefunden, 
die zum groBen Teil Schwingungsquanten von 
etwa 100 cm -1 zugeschrieben werden konnen. 
AufFallige Effekte im Spektrum als Folge 
der Ferroelektrizitat oder des Antiferro- 
magnetismus dieser Borazite treten nicht 
auf. 
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Abb. 12.(a) Struktur des Ni-CI-B-Ubergangs bei )8980cirr'. (b) Struktur des Ni-J-B- 
Ubergangs bei 19750 cm' 1 . (Bei verschiedener Absehwachungdes Vergleichsstrahles). 
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wurden am Deutschen Rechenzentrum, Darmstadt, 
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EFFECT OF PRESSURE ON THE N&EL 
TEMPERATURE OF RARE EARTH INTERMETALLIC 

COMPOUNDS* 
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Abstract - The pressure coefficient of the Seel temperature and the compressibility were obtained on 
two rare earth intermetallic compounds. Samples studied were GdCu and GdAg which have the CsCl 
type of crystal structure and show antiferromagnetic property at low temperature. The Neel tempera¬ 
ture was determined by the abrupt change in the slope of the electrical resistivity vs. temperature 
curve. The resistivity was measured on polycrystalline samples over the temperature range from 77“ to 
200°K at a constant hydrostatic pressure. Pressures up to 5 kbar were employed. The Neel tempera¬ 
ture was found to increase linearly with pressure at a rate of 0-03 ± 0-04°K/kbar for GdCu and 0-43 ± 
0 04°K/'kbar for GdAg. Volume compressibilities at room temperature are 2-2 X KT’/kbar and 2-0 x 
10 _3 /kbar for GdCu and GdAg, respectively. Values of dinTjdlnV are -0-09 for GdCu and — 1 '6 for 
GdAg. 


1. INTRODUCTION 

Several investigations [1-6] have shown that 
magnetic properties of rare earth intermetallic 
compounds are largely influenced by the num¬ 
ber of conduction electrons in the compounds. 
This fact is qualitatively understood in terms 
of the indirect exchange interaction via con¬ 
duction electrons. On the other hand, it was 
found in some systems of rare earth inter- 
metallic compounds that their magnetic prop¬ 
erties depend also on the ratio of the nearest 
neighbor distance of magnetic ions (r A iV ) to 
the diameter of 4/ shell (r 4f ), r s . N jr 4f . Ferro¬ 
magnetism is apt to occur in the region of 
small r N . N jr 4f [l}. Existence of such dependence 
cannot be explained by the simple Ruderman- 
Kittel-Yosida theory. 

For the purpose of learning the dependence 
of the exchange interaction on the separation 
of magnetic ions, the effect of hydrostatic 
pressure on the Neel temperature has been 


*This work was sponsored in part by the U.S, Air 
Force Office of Scifentific Research through Grant No. 
AF-AFOSR 105-63. 

tOn leave of absence from Department of Physics, 
College of Science and Engineering, Nihon University, 
Tokyo, Japan. 

tOn leave of absence from the Institute of Physical and 
Chemical Research, Yamato-cho, Saitama, Japan. 


investigated on two rare earth intermetallic 
compounds, GdCu and GdAg. These com¬ 
pounds have the CsCl type of crystal struc¬ 
ture. According to magnetic studies previously 
made, compounds GdCu and GdAg show 
antiferromagnetic properties below 144°Kand 
138°-150°K, respectively, under atmospheric 
pressure [1,8-10], The present results of high 
pressure experiments are compared with the 
exchange interaction curve for R-Cu and R-Ag 
systems (R: rare earth elements), which is 
constructed by plotting the ratio of the mag¬ 
netic transition temperature to the de Gennes 
factor vs. r^lr^. 

2. EXPERIMENTAL 

Specimens of the compounds were pre¬ 
pared by arc-melting stoichiometric amounts 
of component metals under argon atmosphere. 
The melts were annealed in evacuated silica 
tubes at 700°C for 10 hr. Bar specimens 
approximately 0-8 X 0-8x25 mm in size re¬ 
quired for resistivity measurements were cut 
out from the melt with a spark cutter. Four 
copper leads were spot-welded to each speci¬ 
men. The pressure vessel made of specially 
heat-treated Cu-Be alloy was mounted inside 
a liquid nitrogen bath. Helium gas was used as 
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a pressure medium. The electrical resistivity 
was measured by the standard four-probe 
method while the temperature was raised from 
IT to 200°K at a constant pressure. Com¬ 
pressibilities of both compounds were mea¬ 
sured by the strain gauge method. Pressures 
up to 5 kbar were employed. The temperature 
was measured by means of a chromel-alumel 
thermocouple and the pressure was measured 
using the resistance of a suitably calibrated 
manganin wire. The voltage drop in the 
sample was determined with an accuracy of 
0-5 per cent. The accuracy of the determina¬ 
tion of the temperature was±02°K. 

3. RESULTS AND DISCUSSION 
The relative resistivity vs. temperature 
curves for GdCu at 2 kbar and for GdAg at 4 
kbar are shown in Figs. I and 2 as examples. 
All the curves for both compounds are split 



Fig. I. The resistivity vs. temperature cuive tor GdCu 
under the pressure of 2 kbar 

clearly into two branches by a narrow transi¬ 
tion region in which an abrupt change in the 
slope takes place. The absolute values of the 
resistivity at 77°K under atmospheric pressure 
are approximately 40 /xfiem for GdCu and 
12/tOcm for GdAg. The shape of the resis¬ 
tivity vs. temperature curves and the values 
of the resistivity of two compounds at atmo¬ 


spheric pressure are in good agreement with 
the results by Chao [11]. 



tig 2. The lesistivily vs. temperature curve for CiUAg 
under the pressure of 4 kbar 

Two methods for determining the Neel 
temperature were tried. In the first method, 
the Neel temperature is determined as the 
intersection point of two straight lines 
drawn by extrapolating the least-squares 
fit of the two branches of the resistivity 
vs. temperature curve. The second method 
is to plot the slope of the curve. dRldT. 
vs. temperature, from which two nearly 
horizontal lines, corresponding to two 
branches, result with a narrow transition 
region between them. The Neel temperature 
in this case, is defined as the temperature 
at which dR/dT takes the mean value of the 
slopes of two branches. The pressure de¬ 
pendence of the Neel temperatures deter¬ 
mined by both methods coincide well, though 
the Neel temperature determined as the 
intersection point of two straight lines are 
plotted against pressure in Figs. 3 and 4. 
The Neel temperature increases linearly 
with pressure with a slope of dT N ldP — 0-03 ± 
0 04°K/kbar for GdCu and dT N /dP = 0-43 ± 
0'04°K/kbar for GdAg. The values of the 
isothermal compressibility at room tem¬ 
perature are *< ;dru = 2-2 x 10~ 3 /kbar and 
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Fig. 3. Neel temperature vs. hydrostatic pressure for 
GdCu. 



Fig. 4. Neel temperature vs. hydrostatic pressure for 
GdAg. 

KtaiAe = 2 0 X 10~ 3 /kbar. From these values, 
the logarithmic dependence of the Neel 
temperature on volume, dlnT N ldlnV, can be 
calculated. The value of dlnT N ldlnV is 
— 01 ±01 for GdCu and is -1-6 ±0-1 for 
GdAg. 

It is interesting to compare the results of 
high pressure experiments with exchange 
interaction curves for R-Cu and R-Ag 
systems. These curves are constructed 
using the results of magnetic studies by 
Walline and Wallace [9,10]. As an indication 
of the exchange energy, the Neel tempera¬ 
tures of R-Cu and R-Ag systems are divided 
by the de Gennes factor, (g— \) 2 J(J + 1), 
and plotted against the ratio r N ^ N tr v , in 
Fig. 5. The present results calculated from 
pressure coefficients of the Neel temperature 



Fig. 5. Exchange interaction curves for R-Cu and R-Ag 
systems (R: rare earth elements). Two arrows show the 
results of high pressure experiments. 

and compressibilities are indicated by two 
arrows in the figure. These two arrows 
(experimental slopes) do not coincide with 
the slopes of the interaction curves for the 
compounds, whereas the slopes agree well 
in the case of rare earth metals [12, 13]. 
Thus, the present result showing the en¬ 
hancement of the N6el temperature of both 
compounds with pressure does not agree with 
what is indicated by the interaction curve, 
i.e. the tendency toward ferromagnetism with 
decreasing Ov-v/tV- On the other hand, 
the fact that the enhancement of the N6el 
temperature by pressure of GdAg is larger 
than that of GdCu seems to corroborate 
the appearance of ferromagnetism in the 
region of smaller r N - N lr if . It thus appears 
that the application of pressure and the 
replacement of rare earth elements have a 
different effect on the exchange interaction. 
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ON THE RELATION BETWEEN THE RELAXATION 
TIME FOR SHORT-RANGE ORDER AND 
SELF-DIFFUSION COEFFICIENTS 
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Abstract- An equation is derived which relates the relaxation time for short-range ordering in binary 
f.c.c. alloys with the self-diffusion coefficients of the components of the alloy. The equation shows 
that for certain conditions the activation energy for short-range ordering can be lower than the activa¬ 
tion energy for self-diffusion of the fastest component. The computed relaxation times are compared 
with experimental data, reasonable agreement is obtained. 

l. introduction pairs. This system of two non-linear simul- 


Measurements of the establishment of 
equilibrium short-range order (s.r.o.) after a 
small temperature change [1-5] can be used 
for the study of diffusion at relatively low 
temperatures. It was shown that the relaxation 
times for the establishment of s.r.o.-equilibrium 
and the Zener relaxation-effect are of the 
same order of magnitude. The precise atomic 
movements occurring during the Zener relaxa¬ 
tion process are more or less unknown. For a 
study of s.r.o.-kinetics such a problem does 
not occur. In this paper we will derive an 
expression which relates the relaxation time 
for s.r.o. with the self-diffusion coefficients 
of the components of the alloy. To the author’s 
knowledge two theoretical investigations of 
s.r.o.-kinetics exist. lida[6] discussed the 
kinetics of both long- and short-range order in 
a (50:50) b.c.c. alloy. A theory of the kinetics 
of s.r.o. in binary f.c.c. alloys of variable 
composition has been devised by Kidin and 
Shtremel’ [7]. Their theory is based on a paper 
by Vineyard [18], which deals with the kine¬ 
tics of long-range order in A B b.c.c. and A 3 B 
f.c.c. alloys. Kidin and Shtremel’ derived 
expressions for the time rate of change of the 
number of atom-atom and atom-vacancy 

•Temporarily at; McMaster University. Department of 
Metallurgy and Materials Science. Hamilton, Ontario. 
Canada. 


taneous differential equations was solved 
by assuming that the vacancy environment 
reaches equilibrium much faster than s.r.o. 
As will be shown below this is not true, more¬ 
over the above assumption leads to a relation 
for the relaxation time for s.r.o. which con¬ 
tains only one of the diffusion coefficients, 
which seems unsatisfactory from a physical 
point of view. 

By linearizing the simultaneous differential 
equations we are able to derive an expression 
which relates the relaxation time for s.r.o. 
with both self-diffusion coefficients. Lineariza¬ 
tion of the differential equations is justified for 
experiments like those mentioned above [1-5], 
where only a small temperature change is 
involved. 

2. DEFINITIONS 

Let us consider a homogeneous binary f.c.c. 
alloy AB with concentrations c A and c B of A 
and B -atoms resp. The vacancy concentration 
cV is assumed to be very small, so with good 
approximation c A + c„ = 1 holds. The follow¬ 
ing assumptions are used: 

(i) Interactions exist between neighbouring 
atoms only. The interaction energy of a pair 
of atoms is independent of its surroundings. 
The interaction energies between AA, AB and 
BB -pairs are called V AA , V AB , V BB , resp. 
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(ii) Random distribution of pairs. These are 
the basic assumptions of the quasi-chemical 
theory. The numbers of AA, 00 and .40-pairs 
{N AA , N bh , and N ab resp.) are related by: 


N AV + 2N AA - \2Nc a 
N ab + 2N bb = l2A/c fl . 


From /V,« we can determine the possibility 
that a particular site next to a given A -atom 
is occupied by a 0-atom: 


Pau — 


Nah 
!2 Nc a 


, similarly p AA 


2N aa 

12 Nc a 



Fig. I. Potential barrier for the motion of A -atoms. 


The various probabilities are related by: 

Paa + Pah = Pha + Phh = 1 


I'aPah — <‘hPha ■ 


In exactly the same way we can determine 
the probability that an /4-atom will be the 
neighbour of a vacancy V. 


PvA 


n va 

\2NCy 


similarly p VB 


Nvh 

12/Vc, 


N va and N vh are the numbers of VA- and VB- 
pairs resp. (Note that we have neglected the 
formation of divacancies). Obviously />,, 4- 
Pvii— 1- The probability p AV that a vacancy 
occupies a particular site next to a given A- 
atom is related to p, A by: 


_ _ ( 'r 

Pav~ Pya- 


A -atom in the saddle-point position. Let us 
assume that V§ is given by a sum of pair 
interaction energies with the common nearest 
neighbour atoms only. Let m be the number of 
0-atoms adjacent to both the A -atom and the 
vacancy (m « 4). V\ will thus be given by: 


V\>(m) = mS A „+(4~m)S AA . 


Let n be the number of the remaining nearest 
neighbour sites of the A -atom occupied by 
0-atoms (n 7). V] will be given by: 

= (11 -m-«)F„-F (m + n)V AB . 

The migration energy of A -atoms with given 
environment (m, n) will be given by: 

E^(m.n) = V$(m) — Vf(m,n) 


S. MIGRATION OF ATOMS IN F.C.C. ALLOTS 
WITH S.R.O. 

We assume that the migration energy E M of 
an atom depends only on its immediate en¬ 
vironment. The migration energy of an /4-atom 
is given by the energy difference L4 — V\ 
(Fig. I). where Vf is the energy of an A -atom 
next to a vacancy and is the energy of an 


= 45„-llL„ + m(5,8-5„) 
-(m + n)(V AB -V AA ) 

= E%(0)+mS A ~(m + n)U A 

£■"(0) is the migration energy of an /4-atom 
in pure A, while we have defined 

■S/i =5,8-5,, and V A = V AB -V AA 
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A similar expression can be derived for 5- 
atoms: 

E B (m.n) = E B (0) + mS B — (m + n)U B 

with Sg — S BA S HB and U B — V AB V BB . S AB 
and S BA are not necessarily the same. 

Note that 

U A + U B = 2V ab — ( V AA + V BB )= 2W 


<lAB(n) = (l)p M *(l-PABr- n - ( 3 ) 

(iii) The jump probability of A-atoms with 
given environment (m, n ): 

f It 

M A (m,n) = t> A tx 

= t^ex p —~~^ s A m u A m+n . (4) 


where IT is usually called the ordering energy.’ 


4. AVERAGE JUMP FREQUENCIES 

The average number of jumps per second of 
an A -atom will be determined by: 

(i) The probability p v that the atom has a 
vacancy as one of its nearest neighbours: 

p v =\2p w =\2 -. (1) 

(■'a 

(ii) The occupation of its nearest neighbour 
sites. The probability that m common nearest 
neighbours are of type B will be given by: 

QvAH^m) ~ (m)PvAH r '( 1 — Pvah) 4 ( 2 ) 


We have defined s A = txp(S A /kT) and u A = 
exp ( VJkT), while v A is a frequency factor 
approximately equal to the Debye frequency. 
The average number of jumps/sec of A -atoms 
is thus given by: 


= S I v A p v q VAB {m)q AB {n) 

m n 


( E%( 0)\ 
xexpj^- 


Substitution of equations (1-4) and summa¬ 
tion over m and n yields: 



x { 1 + PvahUaUa~ \ )Y{\+Pab{ua~ l )} 7 - ( 5 ) 


Here p VAB is the probability that a 5-atom 
is adjacent to both the A -atom and the 
vacancy. The probability p VAB cannot be 
evaluated from the probabilities p AB and p VA 
since in the pair-approximation the correla¬ 
tions between the occupation of pairs which 
share a site are entirely neglected. 

However, the occupation of the common 
nearest neighbour sites is the same before and 
after the jump of the A -atom. As will be shown 
below the occupation of the common nearest 
neighbour sites affects the self-diffusion 
coefficients and the relaxation time for s.r.o. 
in precisely the same way as long as we 
assume that V 2 depends only on the occupa¬ 
tion of the common nearest neighbour sites. 
The probability that n of the remaining lattice 
sites are occupied by 5-atoms is given by 


A similar expression can be derived for 5- 
atoms. 

It is well known that, neglecting correlation 
effects, is related to the self-diffusion 
coefficient D A by: 

a 2 

D A = — 1 A (a = jump distance). 

6 

5. KINETICS OF S.R.O. 

We will now investigate the influence of the 
jump of a particular atom on the number of 
/46-pairs in the alloy. Let us assume again 
that m of the common nearest neighbours of 
A and V are of type 5. The other nearest 
neighbour sites of A and V are occupied by n 
resp. r 5-atoms. The probability that r sites 
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next to the vacancy are occupied by r B-atoms 
is given by: 

q v Ar)=(})p v ;(\-Pv*Y~ r W 

If the /f-atom and the vacancy change place 
the numbers of different pairs will change 
according to: 

A/V„, = ~ A N AA = A N va = - AA/, fl = r- n 

and 

A N hii = 0 . 

Since we assume that the probabilities 
</ M (r), and q AH {n) are independent, 

the probability for the occurrence of VA -pairs 
with environment ( r,m,n) will be given by 
the product 

<ivAr)q\A*(m)<l.w(n)- 

The total number of VA-pairs is 12 Nc, p VA . 
The rate of exchange of VA -pairs with environ¬ 
ment ( r,m,n ) will be given by (4) since we 
assumed that the jump probability depends 
only on the environment of the /4-atom. By a 
summation over r, m and n we obtain the time 
rate of change of N Ah due to VA -exchanges: 

N a „ = \2Nc y p VA ^ '' i exp 

r. m, n 

x (r-n)q iA (r)q iAB (m)q AH {n)u A "' ¥ ' , s A " 1 . ( 7 ) 

If we designate the triple sum by 1 A we may 
write 


In the same way we find: 

N VA = \2N(p VA 2. A — PviiHLh)- 19 ) 

The equilibrium values of p AB and p YA can 
be deduced from the condition that in the 
equilibrium state both ft AB and fo VA must 
vanish, in which case we obtain the relations: 

PvA^A T PvH&B = 0 (10) 

PvA^A ~ PVB&B ~ 0 

which are satisfied only if 2 A = 2 B — 0. 
Summation over r, m and n after substitution 
of (2), (3) and (6) we find for h A : 

I 4 = lv A exp {1+ Pah ( u A - 1)}« 
x {I T Pvah(s a Ua — 1) } 4 \_Pvh{ 1 + Pah 

x(u A -\)}-p AB u A ] (11) 

During the calculation of this expression we 
used the relation: 

k 

X (>,) a"b k ~" = (a + b) k 

n = 0 

It is easy to show that all factors are positive 
except the last one, so the equilibrium 
equations 1 A = = 0 reduce to: 

PVh{^+Pah(u a -\)} = p e AI,U A 

( 12 ) 

PvA { 1 + P C HA 1 ) } = P$A U B ■ 


( £Y( 0) 
\ kT 


N a h(VA)= 12Nr, Pya~a 


similarly: 

S/ A B(VB) = \2Ni. vPvH l ti . 


(The superscript e denotes the equilibrium 
value.) 

Eliminating p\ A and p\ B from these expres¬ 
sions and using the relation: 


Hence the total time rate of changq is given 
by: 

toAB = $AB{VA) + ft AB (VB) 


w 

we find 


2 2W Ua+Ub 

= exp 17 = exp = UaUh 


kT 


CaPab 2 {^’ 2 — 1)+Pah — c b = 0. (13) 


— 12A/cv (Pva^a + (8) The root of this equation which satisfies the 
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condition 0 < p' AB s 1 is: 


Pab = 


- 1 +V (1 + 4 c j< Cb(h^- 1 )) 

2c i4 (H’ i - 1) 


• 04 ) 


This result is also obtained by the quasi¬ 
chemical theory. From the equilibrium equa¬ 
tions (12) we also obtain: 


Pi A = 


P%A U B 

\+p% A {u„-l)’ 


( 15 ) 


Schapink[8], using quasi-chemical theory, 
has derived an expression for the vacancy 
concentration in binary alloys. The author[5] 
derived a value of p\ A from Schapink’s theory, 
which can be shown to be equivalent to equa¬ 
tion (15). Thus both the values of p AH and p\, A 
derived from this kinetic treatment are in 
agreement with the results of the quasi-chemi¬ 
cal approximation of statistical mechanics. 


6. THE RELATION BETWEEN ORDERING 
KINETICS AND SELF-DIFFUSION 

The kinetic equations (10) are nonlinear 
first order differential equations. We will con¬ 
sider only small deviations from equilibrium 
order: 


Pah Pab ~ A Pab ^ Pab 
Pva-Pva = &Pva < Pva 
P vAB PVAB = kPvAB ^ PVAB' 

Obviously: c A kp AH = c„A p HA and \p VA = - 
Api neglecting products of small quantities. 

= 7 *,exp (-£|^){1 + P f ab (ua - l )) 6 
X{l+Pfv.«(^^-D} 4 

X [Apvsil+P^BiUA-])} 

+ {(u A -\)p f Vh — u A } Ap AB ] 

( 16 ) 

Note that A p AB etc. only occur in the last term 


since this term vanishes for equilibrium values 
of p AB and p VA (equation 12). 

Self-diffusion should be measured at equili¬ 
brium short-range order. In practice this 
condition will always be fulfilled, since 
measurable diffusion will always require a 
large number of jumps/atom, whereas s.r.o.- 
equilibrium is established with an average of 
1 jump/atom. We can thus insert the equili¬ 
brium values of p AB etc. in equation (5). We 
will henceforth omit the superscript e. Com¬ 
parison of equations (5) and (16) shows that 
the kinetic equations may be written as: 


c aPab — 


7 /Pk »\ 2 Da / Pva \ 2 D .1 
2a*[\p A „) u A \p BA ) u„} 


^Ca^Pae 2 a 2 ( c aD a c B D B )Ap VA 

(17) 


Pva 


7 

2 a 2 c v 


Pvb \ 2 Da {PvaY Db\ 
•Pab' u a \Pba / u b J 


Xc A &p AH - 


1 

2a 2 c y 


(c A D A + c B D n )bp VA 


(18) 


We have now two linear first order differen¬ 
tial equations which are easily solved. As is 
shown in the appendix the solution for p AB can 
be accurately represented by 


A p AB = (Ap^loexp 



Here (A p AB )o *s the value of Lp AB at t = 0 and 
r, is given by: 

a f c A D„~' + c R D A ^ , J9 . 

7 + /£VaV£* 

V ah! U A V BA/ U H 


For constant Vi and Ff a similar equation 
can be derived for b.c.c. alloys in which case 
the numerical factor a 2 l 1 has to be replaced by 
2a 2 /21. Using the relations (12) and (13) we 
can derive a slightly different form of (19): 
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T,= 


o' PahPha Pah »*' 2 
1 PVA PVH 2t'« — Pxfl 


(qZV’ + ctAT') 
( 20 ) 


The details of formulae (19) or (20) depend of 
course on the jump model used. However, 
other jump models pose no serious difficulties 
if they fulfill the requirement that the correct 
equilibrium equations for p V A and p Atl result. 
For example it is easy to include binding ener¬ 
gies between vacancies and the constituent 
atoms. 

For the purely random distribution one 
easily finds: 

T, = ~Y ( C a Du 1 + C„[) A 1 ) 

If c A < c H , p AII - I and p VH ■- 1. In this case 
(19) reduces to: 



u A = — Doa exp 


Qa + Ua 
kT 


( 21 ) 


7. DISCUSSION 

The linearization of the kinetic equations 
(8) and (9) is justified for the experiments [1-51 
where the change in s.r.o. is small: e.g. for 
AgZn (70.30) near 200°C the changes in 
p Aa z n and /Jvzn due to a temperature change of 
10°C are resp. 0-2 and 0 5 per cent (using the 
data of Fig. 2). 

It can be shown 117] that for such small 
variations the solution of the linearized equa¬ 
tions (17) and (18) are very good approxima¬ 
tions of the solutions of equations (8) and (9). 

The following features of (19) are important: 

(i) If one of the components diffuses much 
faster than the other the value of t h is deter¬ 
mined by the slowest diffusing component. 
Nowick has already pointed out that this is an 
essential requirement of a correct expression 
for the relaxation time of the Zener effect. His 
arguments are also valid for other changes in 
atomic configurations. If one of the com¬ 
ponents, say A, diffuses much faster than the 
Other, nearly every jumped /4-atom will be 



Fig. 2. Comparison of computed and experimental relaxa¬ 
tion times for AgZn (70.30). Experimental data arc 
from |4J. diffusion measurements from |9]. Ordering 
energy is calculated from heat of mixing [10]. Binding 
energies are estimated. 


replaced by another .4-atom, in which case 
no change in the atomic configuration will 
occur. The atomic distribution will be 
changed only by the occasional jump of a 
fl-atom. It must be pointed out, however, that 
although equation (19) satisfies the above 
requirement the physical origin cannot be the 
same, since Nowick considers a sequence of 
jumps of a single vacancy, while in the deriva¬ 
tion of equation (19) an average was taken 
over all single jumps. 

(ii) Formula (21) shows that, for low con¬ 
centrations of solute, r* is determined by the 
self-diffusion coefficient of the dilute com¬ 
ponent. If A is the fastest component usually 
V ,i < 0 (a binding between vacancies and the 
fastest diffusor e.g. Zn in AgZn). So equation 
(21) shows that for low concentrations of solute 
the activation energy for the establishment 
of s.r.o. can be lower than the activation energy 
of the fastest diffusing component. 
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8. COMPARISON WITH EXPERIMENTAL DATA 
In Figs. 2-4 we have plotted the relaxation 
time computed from (19) together with experi¬ 
mental results. In the temperature range, 
where s.r.o. is usually studied the computed 
values of r, are larger than the experimental 
results. We must, however, keep in mind that 
an error of 0 06 eV in the activation energies 
for self-diffusion causes a difference of a 
factor 4 in r g at T ' = 2-10 3 . The theoretical 
activation energies have been computed from: 


Q* = 


d lnr* 
d(\/kT) 


It is obvious that the activation energies com¬ 
puted in this way are not constant. The values 
quoted in Figs. 2-4 are taken in the middle of 
the temperature range shown. The variations 
of Q s are, however, small, e.g. in the case of 
AgZn shown in Fig. 2 the variation was only 
— 0 01 eV over a temperature range from 
250°-1000°C. 



Fig. 3. Comparison of computed and experimental relaxa¬ 
tion times for CuZn (69,31). Experimental data are from 
[15). diffusion measurements from [II]. Ordering energy 
is calculated from heat of mixing 110], Binding energies 


are estimated. 



Fig. 4. Comparison of computed and experimental 
relaxation times for AgAu (50, 50). Experimental data are 
from [2.5]. Diffusion measurements from |I2|. Ordering 
energy is determined from s.r.o. parameters [13]. Binding 
energies are supposed to be small. 

In all cases shown the computed activation 
energies are larger than the experimental 
values. Although the theory given above is 
admittedly rather crude it is possible that the 
observed discrepancy can be attributed to a 
temperature dependence of the activation 
energies for self-diffusion. In alloys a small 
curvature of the log D vs. T~ l plot is highly 
probable since the average energy levels of 
the constituent atoms change with tempera¬ 
ture. It is interesting to note that even in pure 
f.c.c. metals a curvature of the Arrhenius plot 
is observed. Ermert et al.[ 14] found an activa¬ 
tion energy of 1 -75 eV in pure gold between 
286° and 412°C, whereas e.g. Makin et a/.[16] 
found an activation energy of 1 -81 eV between 
700°and 1000 D C. 

9. CONCLUSION 

The theory given above may be considered 
as an approximate solution to the problem 
of relating the relaxation time for s.r.o. 
with the self-diffusion coefficients of the com- 
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ponents of the alloy. Agreement with experi¬ 
ment is reasonable, especially if we take into 
account that the diffusion coefficients used in 
the calculations had to be extrapolated by 
roughly ten orders of magnitude. 
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APPENDIX 

The equations (17. 18; arc of the form 


in matrix notation 


X = A X, where X = (x„ jt s ) . 


Applying a transform Y = S'X we get the equation 
Y = S 'ASY. Choose S in such a way that is a 

diagonal matrix D. The resulting equations y, = d u yi and 
y t = d^y 2 are easily solved. Application of the reverse 
transform yields the required solution: 


Ca&Par 

= G(Ap^)o[-^r^ exp (\,t) + ^_^ exp (M)] 
+ (A/JM)„[j^^-exp(A,r)-j^j^exp ( A 2 f)] (A2) 

with 

6 i.x — l (a n + a 22 ) 

±iV( (a„ + « 22 ) s -4(a M a 22 - rt,,a 2 ,)). (A3) 

The terms a. fi. y and 8 in equations (Al) are all of the 
same order of magnitude, c," 1 is a very large number. 

Substituting the values of a„ etc. in (A3) and approxi¬ 
mating the root by using V( I — e) - 1 — 4e if e 1 


A1.j — J [« + /8 + Ci ' Ey + 8 )] 

±|[crMy + «)-(« + /3)+2^fc®>]. 


Hence 


l,, ff -( T + < , + l£ jllr») - c,-.(y+8) 


and 


y + 8 


Note lhat |\,] |\ 2 |, moreover « 22 - X, and a n IK, = 

0(<',). which shows that the solution is accurately 
represented by: 


£sp u , - (\p,n l )„e>.p (Kit). 

Hence 

t, = -(x 2 ) ' =-r±i_ 

(or + /3)(y + 8) — (a —/3)(y—6) 

y + fi 

2(aS + )3y) 


or 


ClAl/l" U* + P)CAtkpAl<+ (y~ f>)Pl A 
P\ ,\ =• — P)c A \p, n + (1 " 1 (y + 8)Ap M 


(A!) 


*Xi Un-t, 4-ft )2 x 2 
it = u>,x, + u ! »x I , 



+ ('rD a 



The solution for the time dependence of p lA shows that 
apart from a fast decay there exist a slow variation with 
time constant A, - ’. This phenomenon, neglected by Kidin 
and Shtremel, may cause a slowing down of the ordering 
process, depending on the sign of a u and o 21 . 
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Abstract-The transverse electroreflectance (TER) spectrum of GaAs is measured over an energy 
range extending from the fundamental absorption edge to the lambda structure. The TER structure 
in the vicinity of 3-4 eV in Si is also presented. Quantitative measurements of the variation of the 
spectrum with field have been performed, utilizing the facts that the TER geometry permits the calcu¬ 
lation of the value of the electric field, and that the field is essentially uniform in the region of measure¬ 
ment. A detailed investigation of the effect of collision broadening on the electroreflectance response 
in the one-electron approximation is given, which qualitatively correlates the dependence of peak 
amplitude, peak location, and number of subsidiary oscillations observed in electroreflectance with 
the magnitude of the field and collision broadening lifetime. A method of measuring the collision 
broadening lifetime is applied to the fundamental edge of the GaAs sample used in this experiment. A 
conformal mapping is presented which enables a calculation of the field at any position in the crystal 
for the common TER geometries. 


1. INTRODUCTION 

The electro-optic effect has been used with 
great success for the determination and assign¬ 
ment of interband critical points in the band 
structure of a wide variety of solids [1-12]. 
In most of the previously used techniques 
[1-5] the electric field is non-uniform and 
quantitative comparison between the ex¬ 
perimental lineshapes and existing theories 
of the elctro-optic effect for a uniform 
field [13-17] is difficult. These methods, 
applicable to semiconductors, make use of a 
space charge region for the production of the 
electric field and include the field-effect con¬ 
figuration of Seraphin and co-workers [1,2], 
the semiconductor-electrolyte-interface tech¬ 
nique of Cardona and co-workers[3,4], and 
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the p-n junction method of Handler and co¬ 
workers [5]. High-resistivity crystals allow 
electro-optic measurements to be made in 
the parallel[ 11,12] or transverse[6, 7, 10] 
electrotransmission or electroreflectance [8- 
10] configurations, where the modulating 
field is sufficiently uniform and accurately 
determined to compare with theory. In this 
paper, we apply transverse electroreflectance 
(TER) methods to insulating samples of GaAs 
and Si, with the objective of obtaining the 
additional symmetry information available 
from TER, and also to demonstrate a method 
of obtaining collision broadening which re¬ 
quires quantitative measurements of the varia¬ 
tion of the electro-optic response with field 
strength. A conformal mapping of the field 
distribution for typical TER geometries is 
given in the Appendix, which permits field 
magnitudes to be calculated. 

2. EXPERIMENTAL 

The basic experimental configuration is 
similar to that reported previously [3,4,10] 
and is shown in Fig. 1. The source is a 450 W 
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Fig. I. Diagram of the experimental apparatus. The sample is in the 
transverse electroreflectance configuration. 


XBO450 Osram high-pressure Xenon arc. 
and the monochromator is a 3/4 m Spex 
Model 1700-11. A 600 line/mm grating blazed 
at 500 nm or a 1200 line/mm grating blazed 
at 200 nm was used in conjunction with a 
Dumont 6911 photomultiplier with SI response 
or an EMI 6256B photomultiplier with S13 
response, depending upon the wavelength 
range of interest. Quartz optics were used 
throughout, and the light incident on the 
sample was polarized with a Polaroid HNB'P 
film polarizer. The effective light intensity 
I was held constant by controlling the gain of 
the photomultiplier in the usual manner[4] 
so that a constant DC current was maintained 
at the anode. The variation A/ of light in¬ 
tensity caused by the electric field modulation 
was phase sensitively detected with a Prince¬ 
ton Applied Research Corp. Model HR-8 
iock-in amplifier and the output recorded as a 
function of wavelength. 

The GaAs single crystal samples [ISLused 
in the experiment were chromium doped and 
had a room temperature resistivity of I0 H fi-cm 
and a liquid nitrogen (LN) temperature re¬ 
sistivity well over 10 N fi-cm. High resistivity 
Si was produced by diffusing gold into a 100 
fl-cm p-type single-crystal silicon slice 
1 mm thick at 1260°C for 23 hr, and following 


this with a rapid quench [19,20], All samples 
were lapped and polished to a thickness of 
approximately 0-5 mm in order to aid in 
achieving spatial homogeneity of the applied 
field (see Appendix). The exposed surface of 
the silicon crystal was of (110) orientation, so 
that all three major crystallographic axes 
were contained in the plane of the surface. 
Following a suitable light etch, a thick gold 
film was evaporated onto the surface to be 
studied, except for bare strips 0-25 to 1-0 
mm wide perpendicular to each of the major 
crystallographic axes. The modulating electric 
field was developed in the plane of the surface 
and parallel to the appropriate crystallo¬ 
graphic axes by applying a high voltage across 
these bare strips. This geometry gave the 
usual TER advantages: [8-10] ER response 
could be measured for polarizations of nor¬ 
mally incident light both parallel and per¬ 
pendicular to the electric field, no dielectrics 
were present on the sample surface, and the 
field was reasonably uniform and could be 
accurately determined (see Appendix). Limit¬ 
ing field strengths of the order of 10 5 V/cm 
were determined by electrical breakdown 
across the surface gap. 

in most cases, measurements were taken 
with the samples in LN to insure high resis- 
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tivity and to avoid thermal modulation effects 
[21]. Nitrogen bubbling, a possible source of 
noise, was eliminated by slowly bubbling 
helium gas into the LN. The samples were 
glued to a quartz backing plate at one corner 
only to eliminate strain; the fine wires used to 
make electrical contact to the evaporated 
gold regions were too thin to either support 
or strain the samples. These wires were sol¬ 
dered to the gold films using Wood's metal. 
The resistance of the samples was greater 
than 10 s ft, including possible photocon¬ 
ductivity [22] due to the incident light. The 
experiments were performed using great care 
to prevent moisture from entering the dewar, 
for any ice which contaminated the LN would 
eventually be attracted to the high-field region 
of the sample. 

A square-wave voltage was applied across 
the contact gap so as to produce a periodic 
modulating field. The generator[23] was con¬ 
structed so that both peak-to-peak and DC 
values of the square wave were independently 
variable. A 1 kHz frequency was generally 
used. The use of square waves is essential for 
the interpretation of line shapes and de¬ 
pendence of electroreflectance on field 
strength, as will be discussed below. 

3. THEORY 

A. Determination of collision broadening 

The theory of the electro-optic or Franz- 
Keldysh effect has been extensively treated in 
the literature[13-17]. In the absence of Coul¬ 
omb effects in the effect of the electric field on 
the real and imaginary parts of the dielectric 
function in the vicinity of any critical point 
can be described analytically in the one- 
electron approximation in terms of two 
electro-optic functions [13, 14], F(rj) and 
G(-q). Excited carriers have a finite lifetime 
due to collisions, which leads to a broadening 
of the electro-optic spectrum which can be ex¬ 
pressed as a Lorentzian convolution of the 
unbroadened response [2,15] in terms of a 
collision broadening parameter IV This broad¬ 
ening rounds off the singularities of the 


electro-optic functions [2,14]. In this section 
we investigate the effect of this broadening, 
and show that by measuring its field depen¬ 
dence the broadening energy Y c can be experi¬ 
mentally determined. Our treatment does not 
include exciton effects [17]; analytic expres¬ 
sions are not yet available to describe the 
general electro-optic effect in the Enderlein 
formalism [17], and for typical broadening 
energies and electric fields the analytic results 
of the one-electron approximation[13,14] 
should be adequate to describe moderate 
bandgap semiconductors such as Si and GaAs 
where interband transitions dominate the ab¬ 
sorption structure. 

The Lorentizian boradened electro-optic 
functions F(y) and G{ ij) can be expressed 
analytically 114]; if l’ r is the collision broad¬ 
ening parameter (in energy units), then after 
Lorentzian convolution 

FW-zV-jb) 

where M is the characteristic electro-optic 
energy and 


r e 2V‘^2-\ll3 

«» 

E*Ur /*, /*. J ( C) 

Hn is the interband reduced mass in the field 
direction[13, 14]. Changes in the real and im¬ 
aginary parts of the dielectric function are 
proportional to F{r),V r lhd) or GtySrlM) 
with the absolute magnitude of the proportion¬ 
ality factor given by 


e m _ 47rV[c • pj z 
w 2 m 2 h ‘ w 2 
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where B is field-independent and contains 
the optical selection rules in the product 
of the polarization vector e with the inter- 
band momentum matrix element P„. Changes 
in the real or imaginary part of the dielectric 
function for any critical point can be written 
in the form 

Aft. 2 ((o, E, r r ) - ±B ^ • F(v, I'clM) (3a) 

or 

#1/2 

= ±B —t ■ C{r), \' r lhf>). (3b) 

a> 

Explicit expressions may be found in Ref. f 14]. 

Determination of IV by measuring the de¬ 
pendence of the peak-to-peak ( p-p) value of 
Ac upon E is contingent on the dependence 
of F(ij,I \IM) and on ( TJM ), as 

shown in Fig. 2. We plot F( 7j,Jt) and G(tj,x) 
for four values of x = l'Jfid. Figure 2 illus¬ 
trates the rapid decrease in the p-p value of 
each function together with a rapid attenua¬ 
tion of the subsidiary oscillations; with suffi¬ 
ciently large broadening the structure is 
effectively reduced to a positive and negative 
pair of peaks. As we shall show, the depend¬ 
ence of this decrease upon the ratio of fiO to 
T r is sufficiently strong to enable a determina¬ 
tion of IV independent of the actual p-p value 
of the electroreflectance response or type of 
critical point, provided f c is field-independent. 

The broadening energy l' r depends prim¬ 
arily upon decay processes such as phonon 
emission, recombination through traps. Auger 
electron excitation, etc., which are reasonably 
independent of externally applied electric 
fields, hence IV should be field-independent to 
a good approximation. We examine the de¬ 
pendence of |Ae(w, E, IV)|, defined in equation 
(3), upon field for a fixed broadening energy 
T c . It is convenient to use IV as an energy unit, 
and to define a field unit E„ as: 



whence 


(5al 

or 

«} <*> 


where the entire field dependence is contained 
in the terms in brackets, which are written as 
a function of the dimensionless reduced field 
E/E„ since 




The experimental condition of variable field 
and constant broadening energy is contained 
in the bracketed terms, since the proportion¬ 
ality factor is field-independent. 

The dominant peaks of the bracketed terms 
in equation (5) originate from the singularity 
7) = 0 and from s — 0-5 of F(tj, 0), and from 
tj = 0 and 7) s — 1-1 of G(tj. 0). We plot the 
numerical peak-to-peak (p-p) value of the 
bracketed terms as a function of reduced- 
field for the Lorentzian broadened F and G 
functions in Fig. 3, and the energy separation 
(in units of l' r = hff 0 ) between these peaks in 
Fig. 4. Inspection shows that the theoretical 
E l,a dependence of the p-p variation which 
occurs in the absence of broadening changes 
substantially when broadening is present. 
The p-p variation is faster than E m even for 
very little broadening: it is approximately 
E IM tor IV ~ 0-01 h6. Such small broadening 
(or large field) is difficult to realize even under 
the best conditions at the lowest threshold and 
certainly cannot be obtained at interband criti¬ 
cal points above the fundamental edge. The 
eiwrgy separation between the peaks retains 
the unbroadened E 2 ' 3 functional dependence 
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Fig. 2. The effect of Lorentzian broadening on the electro-optic functions F(t), Y r lhft) 
and G(-q, \' c lh8) for various broadening energies r c = h/r. 
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Fig. 3. The energy difference, in units of hll„, between the main positive peak and main 
negative peuk for each function in equation (3). as a function of field for a fixed broaden¬ 
ing energy I',.. The abscissa is in units of E„. the field at which = tiH a . 


for fields such that |M| > IV, but the field 
dependence vanishes when $ IV. These 
statements apply equally well to both F and 
G functions. Measurements of the electro¬ 
optic effect for higher transitions appear at 
best to have IV comparable to Figs. 2-4 
show that under these conditions the electro¬ 
reflectance spectrum of any critical point 
should consist of only two peaks whose posi¬ 
tions are nearly independent of the electrical 
field and whose rate of growth with field is at 
least linear. It can be shown that in the limit 
of \i#\ < IV that the peak to peak amplitude 
of the signal is proportional to the square of 
the field. 

The rapidly decreasing p-p value for IV ~ 
\Ad\ implies the electroreflectance signal will 
not be observable experimentally if IV s* 


which means critical points of one or two 
small interband reduced mass components- 
will be favored. Since different modulation 
methods such as thermal [21] and stress [24] 
modulation depend on other parameters, elec¬ 
troreflectance will not respond with similar 
intensity to the same critical points in a given 
crystal. 

The field dependence of the p-p values of F 
and G in Fig. 3 is sufficiently strong to permit 
a quantitative determination of F c by measur¬ 
ing the field dependence of the p-p amplitude 
of an ER structure and fitting the experimental 
points to the curves of Fig. 3. If the field is 
known for each experimental point, the re¬ 
duced field Eo is obtained immediately as that 
field corresponding to an abscissa of 1 in Fig. 
3. whence IV is given by equation (4). Although 
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Fig. 4. The peak-to-peak amplitude of each function of equation (3), as a function of field 
for a fixed broadening energy l' r . The abscissa is in units of E„, the field at which IV — 
ht ) ( To obtain Ae, the ordinate is multiplied by the prefactor Bh„' n Uu'K as defined in the 

text. 


equation (4) contains /x,|, I',, varies only as 
hence m need not be known to high 
accuracy to extract IV 

The advantage of this method over direct 
curve fitting lies in the fact that the variation 
of the p-p amplitude with reduced field is 
practically identical for both F and G func¬ 
tions, hence it is not necessary to know the 
nature of the critical point giving rise to the 
ER structure nor to perform the Kramers- 
Kronig analysis in order to separate A RlR 
into At] and Ae 2 to obtain IV We repeat again 
that excitonic effects are not included and the 
results should be applied only where inter¬ 
band effects predominate. 

The determination of T r by the above 
method assumes that the dependence of the 
amplitude upon field is accurately measured. 


We stress here that an accurate dependence 
(using any ER method) can only be measured 
using square-wave modulation since the 
electro-optic response is nonlinear. The 
commonly used sine-wave modulation will 
give erroneous results. The system nonlinear¬ 
ities will in general distort the shape of the 
sine modulation, inducing both a shape and 
an amplitude component in the fundamental 
harmonic extracted by phase-sensitive detec¬ 
tion. True amplitude dependence is obtained 
only by using a modulating waveform which 
cannot be distorted by system nonlinearities, 
i.e. a square wave. Errors introduced by using 
non-square-wave modulation will be less 
serious in the ‘linear’ response region dis¬ 
cussed above, where T c — but may be 
appreciable if r c < |IW|. 
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B. Symmetry determination by transverse 
electroreflectance 

TER measurements can be performed with 
light polarized both parallel and perpendicu¬ 
lar to the applied electric field, permitting 
symmetry information to be obtained. The 
electro-optic effect depends on the interband 
reduced mass in the direction of the field, 
producing field-induced changes in the di¬ 
electric constant which are anisotropic. The 
selection rules for polarized light give charac¬ 
teristic changes in the observed response for 
certain high-symmetry field directions and 
critical point sets[25,26J. We consider here 
only I’, A. and symmetries which permit the 
use of certain selection rules valid in many 
cases of interest. We assume that first-for¬ 
bidden effects and effects arising from absence 
of inversion symmetry in crystals of zinc- 
blende structure are negligible. The electric- 
field-induced change Ae arising from a non- 
degenerate critical point at I' will be scalar 
under these assumptions, and will exhibit 
neither polarization nor field directional de¬ 
pendence (although degenerate critical points 
at T may exhibit polarization dependence in 
electroreflectance |27J. 

In many cases of interest, the polarization 
dependence of the optical selection rules for 
direct transitions can be described by the 
functional form: 

[l-(*,-«) 2 ] (6) 

where W t is the weight given to a transition 
involving a critical point at k, in the B.Z. with 
the incident radiation polarized along n. 
Equation (6) simply states that transitions 
are allowed if k, 1 n. The change in the elec¬ 
troreflectance spectrum with polarization vec¬ 
tor can be calculated in principle, since the 
electric field gives rise to an ER signal at a 
critical point which, for nondegenerate criti¬ 
cal points, depends entirely on the angle 
between k< and E. A set of equivalent critical 
points are first grouped according to the angle 
made by each with the field, then the weights 


Wt of equation (6) are summed over each sub¬ 
group. Table 1 shows groupings and weight 
sums for equivalent critical points of A and A 
symmetry for fields applied in the (001), 
(MO), and (111) directions in a crystal with 
an exposed (1 TO) face. The total ER response 
is the sum of fractions having these weights 
regardless of the detailed shape of the ER 
response of any subgroup. The simplest iden¬ 
tifications occur for A symmetry with (111) 
fields, and for A symmetry with (100) fields, 
in which cases all critical points make the 
same angle with the field and no polarization 
dependence occurs. These simple results do 
not apply if there is appreciable mixing of the 
wavefunctions on equivalent critical points, 
or interband mixing by the electric field, and 
would be obscured if structures from more 
than one symmetry coincided in energy. 

4. RESULTS AND DISCUSSION 

We report here results of measurements 
taken on Si and GaAs. These semiconductors 
are representative of the Group IV and 111—V 
compounds, can be obtained in semi-insulat¬ 
ing form, and their electro-optic response is 
given, at least qualitatively, by the one- 
electron approximation. 

A. Gallium arsenide 

Figure 5 shows the electroreflectance spec-- 
trum of the (001) face of GaAs. The experi¬ 
mental conditions are shown in the figure. 
Unpolarized light was used, for the data pre¬ 
sented in this figure and the electric field was 
oriented in the (100) direction. All GaAs 
measurements were made on (100) faces 
since the only high resistivity samples avail¬ 
able were (100) slabs. The electric field shown 
in Fig. 5 was determined by sample dimension 
measurements (see Appendix). 

At the longest wavelengths, there is a large 
signal which is not a true ER signal, but rather 
is due to absorption-modulated reflection from 
the back surface of the sample. A back-reflec¬ 
tion signal of this type is present whenever 
any light scattered from the back surface re- 
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Table 1. Electroreflectance subgroups and optical selection 
rule weights for F, A, and A critical sets for different field 
orientations on the (110) face of a cubic crystal _ 


Critical 

point, 

symmetry 

Number 

equivalent 

points 

Field 

Angle 

with 

field 

Parallel Perpendicular 

((MX)) 






r 

1 

Any 


I 


<ioo> 






A.X 

6 

001 

0°, 2 

0 





90°, 4 

4 




1 10 

45°, 4 

2 

4 




90°. 2 

2 

0 



III 

54'73°, 6 

4 

4 

(III) 






A L 

K 

001 

54-73”, 8 

16/3 

16/3 



110 

35-27”. 4 

4/3 

20/9 




90°. 4 

4 

28/9 



111 

0°, 2 

0 

2 




70-53”, 6 

1613 

10/3 


emerges and is collected by the detector. It 
may be easily recognized by several char¬ 
acteristic features: its dependence on sample 
geometry, back surface roughness, and its 
similarity to electroabsorption. It has a 
characteristic shape much steeper on the high- 
energy side than the low-energy side due to 
the rapid rise of the absorption coefficient. 
The effect is similar to the internally reflected 
signals which occur in surface barrier methods 
under certain conditions!28). It can be com¬ 
pletely eliminated by cutting the back surface 
at an angle to the front. 

The remainder of the signals are true front- 
surface electroreflectance signals and can be 
identified, as in previous work [4], with the 
assignments: F50eV, the fundamental edge 
Eo, at F; F85eV, £' 0 + A 0 , the transition from 
the conduction band minimum to the spin- 
orbit-split valence band, also at F; 3 0 and 
3-2 eV, E, and E t + &,, the main and spin- 
orbit split transitions of A symmetry. The 
E 0 and E 0 + Ao ER peaks show no polarization 
effects to within the accuracy of our measure¬ 
ments, although polarization dependence at 
E 0 has been detected in EA in similar mat¬ 
erials [27], No polarization dependence was 


observed in the £, and £, + A, structures for 
(100) field directions, consistent with the 
interpretation of the transition having A 
symmetry. 

We estimate the amount of broadening at 
the E tt fundamental edge in this sample in two 
ways: by the best fit of G(tj, \'JhQ) to the ER 
spectrum in this region, and by the procedure 
outlined in Section 3. Figure 6 shows the ‘best 
fit - to the LN ER structure at a field of 3 X 10 4 
V/cm. Since the interband reduced mass at „ 
E n in GaAs is 0-37m P [29], the characteristic 
energy at E = 3xl0 4 V/cm is = 21 meV. 
The ‘best fit - occurs for \' r /hd = 0-9, hence 
l' r = 19 meV. 

The method outlined in Section 3 can be 
used to determine the broadening by meas¬ 
uring the field dependence of the p-p ampli¬ 
tude and fitting the experimental points to the 
curve of Fig. 4. We show the evolution of the 
complete structure with increasing field 
in Fig. 7. The main peak at 824 nm remains 
fixed, as expected, since this peak is the singu¬ 
larity which occurs at the critical point energy 
itself. The entire structure changes with in¬ 
creasing field in a manner qualitatively similar 
to that shown in Fig. 2. The fitting of the p-p 
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I-55 1-50 

ENERGY (eV) 

Fig. 6 "Best fit’ of theoretical broadened G-function to experimental curve obtained for 
the fundamental edge of GaAs. 


amplitude of the structure to the theoretical 
curve of F ig. 4 is given in Fig. 8. The experi¬ 
mental points, from 600V to 2000 peak square 
wave applied across the 0-56 mm gap, are 
shown as circles. The field unit E„ corres¬ 
ponds to an applied voltage of 940 V, whence 
from the crystal dimensions and Appendix A, 
E„ = H)-9kV/cm and IV s 11 meV. The dis¬ 
crepancy between the two methods of esti¬ 
mating F r may be caused by the definition of 
best fit; it is expected that the procedure of 
measuring peak height variation is more 
accurate since it involves a range of fields. 
Although exciton effects [17] are not included, 
the fact that l’ c is much larger than the ex¬ 
citon binding energy £ fi = 3-3 meV in GaAs 
[30] means that exciton effects will tend 
to be washed out and the shape will be prim¬ 
arily determined by interband processes, 
justifying the use of the one-electron approxi¬ 
mation. 

The broadening energies obtained in trans¬ 
verse ER at the fundamental edge are larger 


than those obtained in capacitorfl, 2] or 
electrolyte[3,4] configurations, which are 
estimated to be of the order of 2 or 3 meV 
even at room temperatures, since deep traps 
and recombination centers in the semi-in- 
sulating materials may make excited carrier 
lifetimes shorter. 

It should be pointed out that the presence 
of normal fields at the surface due to a space 
charge region can cause errors in the calcula¬ 
tion of the true field in transverse electro¬ 
reflectance by modulation away from a non¬ 
zero field. If a normal field E„ exists at the 
surface, the net field obtained in transverse 
ER is 

E = E„ + E, 

where E< is the applied transverse field. 
Neglect of E„, if present, can cause serious 
errors. However, the large concentration of 
deep traps in semi-insulating semiconduc¬ 
tors makes space charge regions fairly short 
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Fig. 7. The evolution of the fundamental ER spectrum of GaAs 
with increasing field. These curves illustrate typical signal-to-noise 
ratios obtained in the measurements. 


(the Debye length for a semiconductor of 
dielectric constant 10 and ionized impurity 
concentration I O' 7 cm" 3 at LN temperature 
is ~ 10 nm). Also, the surface states on real 
GaAs (31] and Si surfaces [32] pin the surface 
Fermi level near the center of the forbidden 
gap, close to the bulk Fermi level in semi- 
insulating material. Thus, the true field over 
most of the light penetration depth, at least 
near the fundamental edge where light pene¬ 
tration depths are of the order of microns, will 
be tangential field. Our results are therefore 
characteristic of the transverse field and not 
greatly influenced by a normal surface 
field. 

B. Silicon 

We report only ER results on the structure 
at 3*4 eV, whose band structure assignment 


has been the subject of much effort and con¬ 
troversy [2,4, 33-38]. A tracing of a typical 
experimental spectrum is shown in Fig. 9. The „ 
experimental details are given in the figure. 
All spectra of Si in the 3-4 eV region show the 
same characteristics regardless of field or 
polarization, except for differences in peak 
amplitudes. The structure is similar in shape 
to that observed by Seraphin[33], except the 
higher-energy part is more pronounced. 

While this spectrum has the qualitative 
appearance of structure arising from one 
equivalent critical point set, a main peak 
followed by a subsidiary oscillation, detailed 
measurements show a negligible energy de¬ 
pendence of all peak positions on field ampli¬ 
tude. Since the interpretation of this spectrum 
as a main peak with a subsidiary oscillation 
requires a two-thirds power dependence of 
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Fig. 8. Fit of the evolution with field of the peak-to-peak amplitudes of spectra 
similar to those shown in Fig. 7, to the theoretical curve of Fig. 4. The field unit 
E,, = 10-9 kV/cm corresponds to a simple voltage of 940 V. The correction factor 
corresponding to the contact spacing of 0-56 mm on a 0-50 mm thick crystal is 
0-65 (see Appendix A). 


the subsidiary oscillation position with field, 
it is obvious that the absence of such a shift 
requires two distinct critical points in the 
3-4 eV region. The qualitative features are 
consistent with the earlier discussion of broad¬ 
ening, provided T r > \h\ for the fields attained. 
Subsidiary oscillations cannot be seen until 
the E a ' 3 dependence of peak position is well 
established for the main peaks, which would 
require |ft0| f c ; since no subsidiary oscilla¬ 
tions are observed, then r f \hff\. The quanti¬ 
tative dependence of p-p amplitude on field, 
for various polarizations and field orientations, 
is also consistent with r<. ^ \h0\ although this 
variation was not sufficiently strong to pro¬ 
vide a definite location on the curve of Fig. 4. 
If a typical interband reduced mass of 0-1 m e 


is assumed, I 20meV, from the highest 
field applied. 

Interpretation of this structure as arising 
from at least two critical points is also con¬ 
sistent with the interpretation of Seraphin, 
[2,33] who observed small shifts of peak 
position with bias in the surface barrier 
configuration and assigned an M a and 
critical point set to the lower and higher 
energy peaks on the basis of these shifts. 
Although his fields were nonuniform and the 
surface magnitudes not known, it is probable 
that they were larger than those attained here, 
which made observation of the field shifts 
possible. A more definite assignment could 
be made by calculating Aei and Ae 2 separately 
from AR/i?,[39] but the fractional coefficients 
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Fig 9. A typical electroreflcclance spectrum for the 3-4 eV region in St. The field 
shown corresponds to an applied voltage of 3500 V across the contact gap. 


a and /3 necessary for the separation are not 
known for Si at LN temperature, and vary too 
rapidly with energy in this energy range to 
permit the use of the room-temperature 
values [2]. A measurement of the relative 
reflectivity (Fig. 10) of high resistivity silicon 
was performed at 87°K and indeed also shows 
the doublet structure found in the electro¬ 
reflectance. Measurement of the LN tempera¬ 
ture optical constants of Si are planned. 

We consider next the measurements for 
different field orientations and polarization 
directions on the exposed (110) face. The 
amplitude ratios of polarizations parallel and 
perpendicular to the field directions for the 


dominant peaks are given in Table 2 together 
with the means square deviation for a series 

Table 2. Ratio of amplitude of two peaks in 
the 3-4 eV region of Si for parallel and perp¬ 
endicular polarizations. The results are 
averaged for measurements from 2000 
to 3500V in all cases. All measurements 
were made with the field in and light 
incident perpendicularly onto the (110) face 


Peak 


Field direction 


3-6 eV 

3-4 eV 

00] 

1- 9±01 

2- 0± 0-2 

110 

1 -67 ±0-1 
10±0-2 

111 

2-7 ±0-3 
20±0-5 
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3700 3600 3500 



of measurements at applied voltages between 
2000 and 3500V. Typically, little variation 
was observed over this voltage range. 

The results shown in Table 2 can be 
compared with the theoretical variations of 
the high-symmetry critical points given in 
Table 1. We consider first the larger peak 
at 3-6 eV. A simple critical point along either 
A or A can be immediately ruled out because 
of the strong polarization dependence 
exhibited for fields in both (001) and (111) 
directions. Since simple equivalent critical 
point sets of lower symmetry should tend to 
be more isotropic than the high-symmetry 
A and A sets, it appears that this peak is not 
due to a simple equivalent critical point set, 
but is a result of a more complex system, 
as for example several nearly degenerate 
bands [34], 

The calculations of Kane [36], Dresselhaus 
and Dresselhaus [37], and more recently 
Saravia and Brust[38], show this energy 
structure as probably arising from a complex 
set of critical points near T, and lying between 
A and 2. A calculation of the electric-field 


effect on the dielectric function for each 
proposed energy band structure could be 
performed in the one-electron approximation 
by the convolution formalism [16], but this 
formalism contains approximations which 
may not be valid in this region, and the amount 
of computer time required to do the calcula¬ 
tions is at present prohibitive. 

Similar conclusions apply to the smaller 
structure occuring in the region of 3-4 eV. 
The difference between the two structures 
with respect to polarization dependence is 
sufficient to show that they arise from 
different regions of the B.Z. It appears quite 
certain that the B.Z. region giving rise to this 
structure is not located in the (111} direction 
as indicated by Saravia and Brust[38], 
since the polarization ratio for a (001) field 
is nearly 2. The agreement is not good 
enough with any model, however, to allow a 
definite choice to be made with any particular 
critical point. 

Finally, Ghosh [35] reports seeing structure 
at 3-25 eV, 3-42 eV, and 3-55 eV in electrolyte 
electroreflectance measurements. These mea- 
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surements are not inconsistent with the 
results presented here, since the maximum 
fields obtainable in transverse ER are gener¬ 
ally an order of magnitude below those 
obtainable in the semiconductor space charge 
region. The stronger electric fields presumably 
present in Ghosh’s measurements could bring 
out additional structure. We have not been 
able to observe any separate structure in 
the 3-2—3-3 eV region. 

5. CONCLUSION 

We have applied the TER method to the 
measurement of the electroreflectance spec¬ 
trum of semi-insulating GaAs and the 
3-4 eV structure of Si at liquid nitrogen 
temperatures. The application of known, 
nearly uniform fields to a crystal enables 
quantitative electroreflectance measurements 
to be made. We have shown that these 
measurements can be used to estimate collis¬ 
ion broadening energies by measuring the 
field dependence of the peak-to-pcak variation 
of the ER structure. A detailed investigation 
of the effect of collision broadening[2, 14, 15] 
on the quantitative behavior of the electro¬ 
optic functions in the one-electron approxi¬ 
mation demonstrates that the generally 
observed higher interband ER spectra consist¬ 
ing of single oscillations with both peaks 
field-independent are to be expected whenever 
the broadening energy I’, s |A0|, in contrast 
to the predications of the unbroadened theory. 
The same relation between I' r and \h8\ con¬ 
stitutes an observability criterion, for unless 
r f smaller than or of the order of }M \. a critical 
point will not contribute to the ER spectrum. 

Our measurements of the field and polariza¬ 
tion dependence of the structure of the 
3>4eV peak in Si show conclusively that at 
least two regions of probably different symme¬ 
try give rise to this structure. The data 
obtained were not sufficient to enable a 
unique determination of the symmetries, 
but it appears that simple isolated sets of 
equivalent critical points are insufficient to 
explain the results. These results are in 


general agreement with piezo-electroreflec¬ 
tance experiments [34], 
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APPENDIX 

Typical transverse electroreflectance geometries 
[6-10] can be represented quite accurately in cross- 
section as idealized two-dimensional potential distribu¬ 
tions having simple boundary conditions. These potential 
distributions can usually be expressed in closed form 
using Jacobi elliptic functions.[20,40). In this Appendix, 
we obtain an analytic approximation for the potential 
distribution of the crystal in our geometry. 

Figure HXa) shows a cross-section of our crystal taken 
perpendicular to both crystal surface and contact edges, 
and plotted in the W = u + iv plane. The crystal is assum¬ 
ed uniform in the direction perpendicular to the cross- 
section. We approximate the actual geometry by assuming 
the crystal and contacts continue as shown to infinity in 
both positive and negative u-directions. Errors are intro¬ 


duced because the crystal is finite in the v direction and 
nonuniform in the perpendicular direction, but the effects 
of these errors decrease roughly as where x is 

the distance from the crystal boundary or nonuniformity, 
L is the sample thickness, (the characteristic length for 
the geometry) and a is of order unity. The truncation 
errors are small in the region of'interest, the center of the 
gap between the contacts. 

To obtain the analytic approximation, we must further 
assume that the dielectric constant is isotropic, the 
contacts define equipotential lines, and the normal 
component of the electric field vanishes on all remaining 
crystal surfaces. The first assumption is satisfied for a 
cubic crystal. The second and third depend primarily 
upon the absence of surface states, which result in the 
presence of electric fields in the crystal even if no poten¬ 
tial difference is applied between the contacts. Such sur¬ 
face fields are almost always present in crystals and 
represent the principal limitation upon the results 
calculated here. The vanishing of the normal field over 
the contact-free boundaries also requires that the crystal 
dielectric constant be much larger than the dielectric 
constant of the ambient. Unless the crystal dielectric 
constant is infinite, normal fields will be present at the 
contact-free boundaries. In the absence of surface charge, 
the normal field inside the crystal is related to the normal 
external field by the boundary condition E rr x = f amb./ 
ter. where the subscripts cr. and amb. refer to the 
crystal and ambient respectively, and 1 to the normal 
component of the electric field at the boundary. Since 
the external normal field is a result of field fringing, it is 
expected to be much less than the tangential fields, where 
internal equals external. For the usual dielectric constants 
encountered in crystals and ambients, the normal field 
component inside the crystal due to fringing will be quite 
small. This is particularly true for the region of interest 
between the contacts to the crystal. Therefore, to the 
extent that normal field at free boundaries can be neglec¬ 
ted. the potential distribution in the region centered 
between the contacts will be given fairly accurately by 
the potential distribution of the idealized geometry and 
boundary conditions of Fig. 1 Ha). 

The coordinate axes u and v are defined as shown in 
the complex w-piane in order to utilize the symmetry 
of the idealized crystal. The potential distribution is 
completely described by either the upper or lower half 
of the crystal, and by choosing the upper and lower 
contacts to be at potentials + VII and — VI 2 the line v — 
0 becomes an equipotential with <£ = 0. We therefore 
need the potential distribution for only the v » 0 half of 
the figure, where the boundary conditions are 


F(h-) 


V \ 

+ -j: (u — d.^s v < oo) 
0: (0 *£ u d. v — 0) 


d V(w) 
dw 


0:(« = 0,0 =s e < ®) 

( c 
u = d, 0 « r« j 


The crystal thickness is d. the spacing between the 
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Fig. 11. (a) The idealized sample geometry in the a-plane. Contacts 
are shown as heavy lines, and dimensions are indicated, (b) The z- 
planc diagram of the rectangle conformally mapped onto the upper 
half of the idealized sample geometry. Equivalent points A, B, C, 
and D are shown in both diagrams 


contacts is s. and the voltage difference between contacts 
is V. 

The boundary conditions are defined over four straight 
line segments, which suggests that the idealized crystal 
represented by the region defined in Fig. 11(a) can be 
mapped onto the rectangle shown in Fig. I Kb), for which 
the potential distribution is simply d>U) = yF/2T,. 
Corresponding image points in Figs, 11(a) and 11(b) 
are lubeled A, B, C and D with B in Fig, 11(a) receding 
to t> -* + We map the rectangle onto the idealized 
crystal using the conformal mapping W(z) = u(x.y) + 
iv(x,y) defined in the z-plane of Fig. 11 (b). 

By Schwartz-Christoffel transformation theory (41J, 


the straight line segments of the rectangle will be mapped 
onto Ihe straighl line segments of the idealized geometry 
if (he derivative dW[z)/dz of IT(z) possesses a symmetric 
distribution of poles and zeros about each of the infinite 
lines formed by extending the sides of the rectangle. 
Therefore, dlf(z)/dz must be doubly periodic in the 
complex z-piane. In addition dW(z)ldz must be analytic 
everywhere except at those points where the map is not 
conformal, i.e. at points B and C where the angles are not 
preserved in the mapping, and all doubly periodic images 
of B and C. The required angular changes are obtained if 
6W[z)ldz has a pole at B and a zero at C[41 ]. This 
determines AW Hz to within a multiplicative constant. 
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Including this constant gives: 


<te 


2d, , l 

= — anil) 

(7a) 

7 r 


2d 

—sin 1 [sntz)] 

7T 

(7b) 


where the Jacobian elliptic functions [42] dn(z) and 
sn(z) are doubly periodic over the fundamental rectangle 

0 s j « i, = Ktm) 

0 y y| = K'(m ) = KO — m). 


K is the complete elliptic integral of the second kind and 
m is a parameter given by the location k> = <f + isl2 
of C in the w-plane. rn is most easily obtained from the 
inverse transformation 


the idealized crystal potential distribution is 
•/ mitiu 

4>(l< ’ t) ~ 2j C(l-w) ' fw J [1 — (12) 

and the electric field is 

" s> 

One of the objectives of transverse electroreflectance 
is to obtain a known, nearly uniform field in the region 
near the center of the gap between the contacts. Equation 
113) can be used to calculate the field value at the center 
of the gap, and to estimate the width of a region where 
the field is uniform to within a given amount of this 
value. On the surface in the gap, w — d+iv, and 


E„ = 0 


TtV 

4dK(l-m) 


I — mcosh 2 



( ■ iwn 




Hit!) 

(8a) 

~ d, 0 * v « 0 

(14) 



euV2rf 

() 


dfl[l — m sin 2 0] ' ,ra . 


<8b) 


giving the field minimum in the center of the gap as 


The integral representative of equation (8b) has a singu¬ 
larity at ay, where 


IE.-.I 


irV 

4dK (1 — fn)V( 1 — m) 


= f (m) 


V 

s 


1 — m sin 2 ^-0 = 0. 
lisingay = d+ i s/2, wc have 


m ~ cosh 


■© 


Since the potential distribution on the rectangle is 
yV _ yV 


<Mzl - 


2y, 2K( I — m) 


(l ,. £(m| represents a gap width/crystal thickness = s/d 

dependent correction to the simplest approximation, 
which sets the field equal to the voltage across the gap 
divided by the gap width. The correction f(m) is plotted 
as a function of s/d in Fig. 12. As can be seen, the simple 
' approximation t a V/s is surprisingly accurate, with 
£(m) varying over the limited range 2/rr = 0-636 at zero 
gap. to I at large gaps. Greatest uniformity of the tangen¬ 
tial field near the center of the gap will result for largest 
([1) ratios of gap width to crystal thickness. If sld is large, 
m is small, and using(43] 



Fig. 12. The correction ((m) to the zero-order field approximation, 
with the asymptotic expansion which includes fringing at the edges 
of the contacts. 
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(16) 


equation (13) becomes in this limit 


E r + , E . *-/ 2 |-n2\[ , mS ‘ n ' (fd {u + >v) )\ 

s+ 2 \-ir J ) 


(17) 


Each contact edge adds an effective length approximately 
equal to (2\n2ltr)d to the gap width t for the purpose of 
calculating the tangential field at ihe center of the gap. 
Figure 12 shows that this asymptotic behavior is reached 
for a quite low xld ratio. Surface uniformity can be esti¬ 
mated by setting u — d in equation (17) and calculating the 
range of v for which 


|K r (d+fu)| * t) • |E,.(t/,0)|, v > I. 


where i) represents the allowable deviation ol tangential 
field from the value at the center. The inequality is satisfied 
over the entire gap to within distance L (din) In ( 17 V 
ry* — I) of the contact edges. As an example, 10 per cent 
uniformity is achieved over the gap region which excludes 
the strips within /. = 0-55 d of the contact edges for any 
gap width greater than IT d. Field uniformity is therefore 
achieved with quite reasonable gap/lcngth ratios. 

It has recently been shown that field mhomogeneities 
can strongly influence the F.R lineshape in surface barrier 
ER. due to interference in the direction of propagation 
which is phase-sensitive and mixes the line-shapes of die,, 
and A«, as well us averaging them. We prove here our 
previous statement that such inhomogeneitics in trans¬ 
verse HR are negligible, using equation (11) and the cri¬ 
terion given in Ref. (4-4] for (he neglect of inhomogeneity 
in the propagation direction: 


I I idd;) 
2k die in 


« I 


(IK) 


Taking the most unfavorable cases, we suppose € is real 
so that A k = 2irn, where A is the wavelength in air and n 


the index of refraction. Also, we suppose broadening is 
present, in which case according to Fig. 3, the most rapid 
variation of ( with E will be quadratic, at the peak loca¬ 
tions when |A#| <* I'. Then equation (18) can be written 


A BE 
2irnE Bz 


<t I 


(19) 


which may be evaluated using equation (13), noting that 
z ** u. We find equation (19) is equivalent to 


A 

d 


i sin ^ (uliv'i'j 


8n I — m sin 2 ^ (« + /t>)^J 


<* 1. 


( 20 ) 


Since this effect is observable for a distance of the order 
of several wavelengths in from the surface, we set u = d, 
which neglects terms of second order in A Id, and obtain, 

sinh v | 


I - m cosh 2 i 

But we have already restricted our measurements to 
regions where the abolute value quantity is not too 
large. Therefore. TER field inhomogeneity of the type 
discussed in Ref. |44J is negligible. We should empha¬ 
size that this concerns mixing of the real and imaginary 
parts of Ae due to interference; spatial variation of E 
parallel to the surface can be included by performing a 
simple average of At,, and At- independently. This effect 
is also of minor importance in the presence of broadening. 

Generalization of the above to the 4-contact configura¬ 
tion used by Rehn and Kyser| 8 ] is obtained by reflecting 
Fig. 11(a) about the u-axis, which has the effect of re¬ 
placing d by c/72 in all the above equations, where d' is 
the thickness of the crystal carrying the four contacts in 
the Rehn-Kyser configuration. Our solution to the poten¬ 
tial distribution of the idealized crystal applied more 
accurately to the Rehn-Kyser configuration, for the 
boundary condition of zero normal field on the 'free' 
boundary opposite the contact face in Fig. 11(a) is now' 
forced by symmetry since this boundary is a mirror plane 
in the 4-contact configuration. Remaining considerations 
of surface fields and finite crystal size still apply. 


mA 
8/1 ' 
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Abstract - Phase transitions in Ag 2 S, Ag s Se, Ag 2 Te, Cu s S and Cu 2 Se were studied by differential 
thermal analysis (DTA) to 40kbar. The transition temperature lines increase with pressure with 
initial slopes of 1-57, 6, 11-48, and 0-5°C/kbar, respectively, for the first four and —0-6°C/kbar for 
(probably copper-deficient) Cu»Se. 


INTRODUCTION 

The silver and cuprous chalcogenides 
belong to a class of non-stoichiometric com¬ 
pounds and have interesting electrical prop¬ 
erties. Ag 2 S, for example, is a semiconductor 
in its monoclinic room-temperature form and 
transforms at I77°C into a disordered b.c.c. 
phase which is a metallic (though poor) con- 
ductor[l-3]. The other chalcogenides in 
this group behave in a similar manner and 
are also known to undergo phase transforma¬ 
tions in the temperature range 100°-200°C 
[4-5]. The silver and copper chalcogenides 
are naturally-occurring minerals of some 
geological interest. Ag 2 S in its two modifica¬ 
tions (and also Ag 2 Se) was suggested to be 
useful for geologic thermometry [6, 7]. 

The present work is concerned with phase 
transformations in these compounds and the 
dependence of the transition temperatures 
on pressure. Previously, Roy et al.[l] followed 
the alp transformations [8] in Ag 2 S and Ag 2 Se 
to slightly beyond 1 kbar. More recently, the 
alp transformation in Ag 2 Se was determined 
by Banus[9] to 47 kbar in a tetrahedral anvil 
press and, very recently, Banus and Finn [10] 
determined the phase diagram of Ag 2 Te to 25 
kbar and 250°C in a hydrostatic apparatus. 

'Now at Israel Atomic Energy Commission. Soreq 
Nuclear Research Centre. Yavne, Israel. 


EXPERIMENTAL 

Ag 2 S of stated purity of 99-99%, and Ag 2 Se 
and Ag 2 Te both of stated purity of 99-999% 
were obtained from Koch-Light Laboratories. 
Cu 2 S and Cu 2 Se were obtained from Rocky 
Mountain Chemicals and were of stated purity 
of 99% and 99-99%, respectively. The quan¬ 
tities of these substances that were available 
were sufficient for several differential thermal 
analysis (DTA) experiments on each sub¬ 
stance but not for volumetric (P-V-T) work. 

Quasihydrostatic pressures to 40 kbar were 
generated in a piston-cylinder device pre¬ 
viously described [11, 12]. The furnace assem¬ 
bly was similar to that described by Cohen 
et al. [13]. Phase transitions were detected 
by means of differential thermal analysis 
(DTA)[11,14] with Chromel-Alumel thermo¬ 
couples. The heating rate was usually in the 
range 0-8-2-5°C/sec. Corrections were made 
for the effect of pressure on the thermo¬ 
couples [15]. The corrections are, however, 
quite small in the temperature range of present 
experiments. The silver compounds were con¬ 
tained in silver capsules and the copper com¬ 
pounds in copper capsules. The capsule design, 
incorporating a thermocouple well, had been 
previously described [16]. The longitudinal 
temperature gradient along the sample cap¬ 
sule was reduced by sandwiching the capsule 



248 


J B. CLARK and ELIEZER RAPOPORT 


between two insulated copper plugs [17]. Slid¬ 
ing friction was determined and corrected for 
by comparing results obtained on increasing 
and decreasing pressure [14]. The pressures 
obtained in this way were further corrected 
for the effect of nonsymmetrical pressure 
loss [18]. The corrected pressures are be¬ 
lieved accurate to ±0-5 kbar. Temperatures 
could be determined to ± 1°-2°C. Each phase 
boundary (in a pressure temperature diagram, 
as the results are presented here) is based on 
at least four repeated determinations on differ¬ 
ent samples with consistency of l°-2°C. The 
procedure for following phase transitions (and 
correcting for friction) below - 4 kbar has 
been described elsewhere [ 19], 



RESULTS AND DISCUSSION 

Typical DTA signals obtained for some of 
the transitions studied here are presented in 
Fig. I. Experimental results are presented in 
Figs. 2-6 in the form of temperature-pressure 
(phase) diagrams. A line in such a p-T dia¬ 
gram, drawn through the experimentally 
determined transition points, divides the 
p-T plane into the regions of stability of the 
two phases and is referred to in the following 
discussion as a phase boundary or transition 
line. The points plotted in the p-T diagrams 
are the averages between transition tempera¬ 
tures on heating and on cooling. 

Silver sulphide 

The phase diagram of Ag 2 S to 40 kbar and 
300°C is shown in Fig. 2. The 11I/II (Kracek’s 
notation [6]) transition temperature increases 
linearly with pressure with a slope of 1-5 
±0-2°C/kbar. The initial slope estimated 
previously by Roy et ul.[ 7] as - 4°C/kbar 
seems somewhat too high and might be open 
to question due to the very limited pres¬ 
sure range, viz. ~ 1-2 kbar, and the large 
hysteresis interval in their experiments. The 
hysteresis interval in our experiments was 
slight. ~ 1°C, up to the highest pressure 
attained. Above 12-3 kbars, 195°C the transi¬ 
tion line lies on another straight line section 




Fig. i. Typical DTA signals, (i) Signal at 6-3 kbars, 226-5°C 
on the CiwS I/I I boundary, (ii) Signal at 32-9kbars, 
283-5°( on Ihe Ag 2 Se I/ll boundary, (iii) Signal at 6-4 
kbars, 13!°C on the 1/11 boundary in Cu 2 Se. (iv) (a) 
Signal at 61 kbars. I05-5°C on the I/1II boundary in 
ClijS. (b) Signal at 13-9 kbars, 242-5“C on the Cu x S I/ll 
boundary, (v) (a) Ag 2 Te on the V/II boundary at 25-7 
kbars and 316 2°C. (b) Ag 2 Te on the VI/I 1 boundary at 
28-8 kbars and 332-5°C. 


with a different slope, viz. 31-£0-2°C/kbar. 
The 111/1V transition line determined by 
Bridgman [20] from 100° to 200°C is also 
shown in Fig. 2. The only break in the 111/11 
trajectory that might indicate the occurrence 
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PRESSURE — KILOBARS 

Fig. 3. Phase diagram of Ag 2 Se to 300°C and 40 kbars 
(including the work of Banus). 

of the II/UI/1V triple point is the one at 12-3 
kbar, 195°C. However, its location is not on 
the extrapolation of Bridgman’s Ill/IV boun¬ 
dary. Unfortunately we did not have a suffi¬ 
cient amount of sample of high purity to repeat 
Bridgman’s volumetric work. 

Phase relations in the system silver-sulfur 



Fig. 4. Phase diagram to 400°C and 40 kbars of AgjTe 
(including the work by Banus and Finn). 


and the transitions in silver sulfide were in¬ 
vestigated by Kracek[6] and reviewed by 
Frueh[21]. The temperature-composition 
phase diagram reveals that the 111/11 transi- 
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0 10 20 30 40 

PRESSURE-KILOBARS 

Fig. .V Phase diagram of C'u.S with the phase boundary 
CUj-S included. 

tion temperature on the silver-rich side is 
slightly lower than that on the sulfur-rich 
side (I76 3°±0-5°C as compared with 177-8°± 
0-7°C). Wagner(22], from EMF measurements 
on galvanic cells containing solid Ag 2 S, con¬ 
cluded that Ag 2 S in equilibrium with metallic 
silver at 200°C contains 2x I0~ :| g atom Ag/ 
mole Ag a S excess silver whereas Ag 2 S in 
equilibrium with sulfur has nearly the ideal 
stoichiometric composition. At 160°C the 
variability in stoichiometry if 3 x JO -5 g atom 
Ag/mole AgjS. He made a thermodynamic 
calculation to account for the 1-7°C difference 
between transition temperatures on the Ag- 
rich and S-rich side. Aside from this small 



0 10 20 30 40 

PRESSURE — KILOBARS 
Fig f>. The I/ll phase boundary in Cu, ^S. 


difference the transition temperature does not 
vary further with excess silver or sulfur, and 
we consider it safe to have carried out the 
present experiments on Ag 2 S enclosed in 
silver capsules. The I I/I transition is much 
more sensitive to excess sulfur or silverf6]. 
We made several attempts to investigate the 
course of the 11/1 transition with pressure 
but encountered a vigorous endothermic 
sample-capsule reaction above 500°C. This 
was the only case that such a reaction was 
encountered, possibly a dissolution of silver 
in the Ag 2 S sample. No such reactions were 
encountered in the other silver and cuprous 
chalcogenides at lower temperatures. 

Silver selenide 

The al/3 transformation [8] in Ag 2 Se had 
been studied previously by Roy et at. [7] and 
by Banus[9]. In our experiments we first 
searched for DTA signals around 130°C, 
corresponding to the a//3 transition. At first 
rio such signals could be obtained, but we 
found that if the sample was heated in situ 
to — 350°C for a period of several minutes, 
sharp DTA signals were obtained after the 
sample had been cooled and another search 
was made around 130°C. Such signals were 
then obtained repeatedly four to five times. 
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gradually diminishing in size. Repeating such 
preheating procedure reproduced this be¬ 
havior. No such preheating was necessary 
above ~ 6 kbar and repeated DTA signals 
with somewhat gradually increasing size 
were obtained to the highest pressure attained. 
Such preheating was also found necessary in 
the other chalcogenides studied here with 
the exception of Ag 2 S, and is, in our opinion, 
connected with the non-stiochiometric nature 
of these compounds. It is possible that the 
phase transition occurs only over a certain 
range of deviation from stoichiometric com¬ 
position and that preheating treatment was 
necessary in order to introduce a certain 
amount of excess cation defects. The Ag-Se 
composition phase diagram is not as well 
established as those of Ag-S[6] or Ag-Te 
[23,21]. The fragmentary diagram given by 
Hansen and Anderko[51 is based only on 
some early data and we do not know of any 
more recent data. The dependence of the 
transition temperature, mechanism and kin¬ 
etics on excess Ag or Se in Ag 2 Se is not 
known. 

The phase diagram of Ag 2 Se to 300°C and 
40kbar is shown in Fig. 3 and includes also 
the data of Banus[9] for comparison. The 
agreement with Banus’s results is good to 20 
kbar. Above 20 kbar Banus’s results fall some 
10°-15°C below our results. The initial slope, 
dT/dp, of 6 02°C/kbar is lower than the value 
7-2°C/kbar reported by Roy et al.[l] as in the 
case of Ag 2 S. The agreement with Banus’s 
data below 20 kbar shows that our preheating 
treatment did not change the Ag 2 Se sample 
drastically. The mode of preparation of our 
sample obtained from a commercial source is 
not known to us. Banus’s sample was grown 
from the melt and had, thus, received a pre¬ 
heating treatment. Differences in behavior 
(resistance jump at the transition) for samples 
cooled from 700°-900°C as compared to 
samples cooled from temperature slightly 
above the transition were reported by Baer 
et al.[ 24,9]. Banus[9] also reported that the 
hysteresis interval between the transition 
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temperatures on heating and on cooling was 
15°-25°C whereas in our experiments it did 
not exceed 3°C. 

Silver telluride " , 

The phase diagram of AgjjTe to 40 kbars and 
400°C is shown in Fig. 4. It also contains 
recent results of Banus and Finn[10] that 
appeared after our experimental work was 
completed. The phase designation has been 
kept in accord with Frueh[21] and is also con¬ 
sistent with the labelling in the case of Ag 2 S 
[6]. The high-pressure phases recently dis¬ 
covered by Banus and Finn [10] had to be 
relabelled IV and V (instead of II and III, 
respectively, as originally labelled by Banus 
and Finn[10]). 

In our experiments the preheating treat¬ 
ment was similar to that given in the case 
of Ag 2 Se, and, similarly, was unnecessary 
above - 6 kbars. Ag 2 Te used by Banus and 
Finn was grown from the melt, and therefore 
had also received a ‘preheating treatment’. 
The good agreement between the results of 
Banus and Finn and our data on the II1/11 
boundary demonstrates, again as in the case 
of Ag 2 Se, that the preheating treatment pro¬ 
duced essentially a sample of excess silver in 
the range of deviation from stoichiometry that 
exhibits the 111/11 transition. The composition 
phase diagram of the binary system Ag-Te 
[23] shows clearly that the 111/11 transition 
exists on the silver-rich side at 145°±3°C, 
whereas on the silver-deficient side compli¬ 
cated behavior due to coexistence of Ags-jTe 3 , 
Ag 2 Te and ay-phase was reported by Kracek 
and Ksanda[25]. The prehating treatment that 
we used thus ensured equilibrium of Ag 2 Te 
with excess Ag, as is also apparent from our 1 
bar value of 147° ± 1°C. The latter value com¬ 
pares favorably with that of Kracek et al. 
[23] and also with the recent value of 148°± 1 °C 
of Banus and Finn [10] where a sample of 
known carrier concentration was used. Hy¬ 
steresis between heating and cooling in our 
experiments did not exceed 4°C below ~ 6 
kbar. Above ~ 6 kbars the transition on cool- 
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ing (II/1II) look place some 20°C lower than 
on heating (111/11), yielding somewhat broader 
DTA signals. Banus and Finn [10] reported 
a triple point at 8 kbar. 200°C. the existence 
of which is, however, masked by the 10°-I5°C 
scatter in their data on the f.c.c.-monoclinic 
boundary (II/III boundary in our notation). 
It can be inferred only from extrapolation of 
the 11 I/IV or IV/V boundary. The possible 
slight break in the Ill/ll transition line is not 
even obvious from our data, but the sudden 
increase in the hysteresis interval above 8 
kbars may be of some indication. Above 30 
kbars the DTA signal size was suddenly re¬ 
duced to less than half of its previous size and 
the hysteresis interval decreased to about 
12°C. Simultaneously, a small but definite 
upward break occurs on the V/II phase boun¬ 
dary, as is seen in Fig. 4, which is an indica¬ 
tion of a new triple point and the appearance 
of a new high-pressure phase, Ag*TeVI. The 
possible V/VI boundary is indicated in Fig. 4 
by the dotted line. Unfortunately we did not 
have a sufficient amount of high purity Ag 2 Te 
sample to perform volumetric work in order 
to detect the III/IV, IV/V and V/VI transi¬ 
tions by the piston-displacement method. 

Cuprous sulfide 

Phase behavior in the binary system copper- 
sulfur is more complex than in the silver chal- 
cogenides discussed before. Djurle[26] studied 
phase relations in the Cu-S system by high 
temperature X-ray methods and found in 
samples prepared from the elements by 
sintering at temperatures of 320°C or 470°C 
the compounds Cu 2 S. Cu,. B)1 S and Cu,. H S (dig- 
enite). The three compounds undergo phase 
transitions [27]. A composition phase diagram 
of the binary system Cu-S was recently pub¬ 
lished by Rau[28] who argued in favor of the 
formula Cu 7 S 4 rather than Cu„S 5 (Cu,.„S) for 
digenite. Earlier data by Buerger [29] are open 
to question due to the mode of sample prepara¬ 
tion in air[26], Djurle[26] showed that in the 
presence of excess copper, samples quenched 
from 400°C produced only Cu 2 S and free 


copper. Our samples, enclosed in copper cap¬ 
sules and given a preheating treatment at 
380°C were, therefore, in the Cu 2 S composi¬ 
tion. The course of the I V/I 11 transformation 
[30] with pressure is shown in Fig. 5. The 
transition temperature increases with pressure 
from its zero pressure value of I03°C with an 
initial slope, dT/dp, of 0-5°C/kbar. At about 
10 kbars new DTA signals were obtained 
around 240°C and the new transition line (Fig. 

5) could be followed with ease, and without 
any necessity for preheating, to 40 kbars. At 
the same time, apart from some metastable 
extension beyond 10 kbars, the signals corres¬ 
ponding to the original IV/111 transition 
disappeared. On releasing pressure this be¬ 
havior is reversed and at around 8 kbars the 
upper transition disappeared and DTA sig¬ 
nals corresponding to the lower 1V/III transi¬ 
tion were regained. The upper transition line 
varies only slightly with pressure and passes 
through a shallow maximum around 245°C and 
21 kbar. the occurrence of which is probably 
connected with the disordered structure of the 
III phase (this will be discussed further). Sere- 
brianaia[31] recently reported that Cu,.,, B S 
could be prepared by heating Cu 2 S to 900°C. 
We therefore heated Cu 2 S to — 850°C and 
after cooling we searched for the transition 
around 103°C with negative results. New, 
very sharp. DTA signals were, on the other 
hand, obtained around 220 o -230 o (see Fig. 

6) . This boundary is exactly parallel to the 
upper transition line in Fig. 5, but some 
~ 10°C lower. We therefore think that the 
upper transition line in Fig. 5 corresponds to 
Cu«S 5 (or Cu 7 S 4 ) reversibly formed by a dis¬ 
proportionation reaction from Cu 2 S. Both 
Cu B S 5 samples formed in situ in the pres¬ 
ence of Cu and Cu 2 S are probably not very 
pure, and hence the 10°C difference in trans¬ 
ition temperatures. 

The temperature-hysteresis interval in 
the case of Cu 2 S IV/III was varied and 
ranged between 1°-12°C. However, in the 
case of CujS II/l it varied between 0°-2°C. 

The Cu 2 S 1II/II and 11/I transitions were 
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reported to exist at room pressure by Serebri- 
anaia[31] and Jensen[35]. The high pressure 
points shown were not reproducible and were 
the only points ever obtained in this region. 

Cuprous selenide 

The transition in Cu 2 Se was reported[32, 
33] at 1 IO°C. In our experiments it occurred 
at 135°C at I bar. This is probably due to the 
high purity of the sample. Preheating in our 
experiments as required only once for a 
given sample. Sharp and strong DTA signals 
were consistently and repeatedly obtained 
until a pressure of 30 kbars was reached, where 
the signal disappeared completely. This be¬ 
havior was reproducible from run to run and 
was reversible, as the DTA signals were re¬ 
gained upon decompression. We made a 
thorough search at higher pressure to 41 kbars 
and found no indication of any further transi¬ 
tions. We postulate that at ~ 30 kbars the 
transition line intersects a sluggish high pres¬ 
sure phase transition. Unfortunately the lack of 
a sufficient amount of sample of high purity 
prevented us from searching for this transi¬ 
tion by the piston-displacement method. The 
course of the phase transition in Cu 2 Se with 
pressure is shown in Fig. 7. Unlike the other 



chalcogenides reported here the transition 
temperature falls with pressure with an initial 
slope, dTIdp, of — 0-6°C/kbar, and thus im¬ 
plies a negative volume change on passing 
from the low-temperature tetragonal phase to 
the high-temperature f.c.c. phase. Crystallo¬ 
graphic data [2], on the contrary, yield a 
positive value for the volume change for 
Cu 2 Se of exact stoichiometry. However, 
it is impossible to prepare Cu 2 Se of stoichio¬ 
metric composition even by using refined 
methods [2]. The cell constant of the cubic 
phase shrinks considerably with copper de- 
ficency[2], and in addition there is some 
disagreement in the literature as to the exact 
values of the cell constants of the tetragonal 
phase[2]. An analogous case of Cu 2 S which 
transforms at 10 kbars by a disproportionation 
reaction into a copper-deficient phase 
Cu,. M S has been suggested before. Again, at 
pressures above 24 kbars the transition line 
in Cuj.sS has a negative slope (see Fig. 5 and 
Fig. 6). An analogous maximum in a solid- 
solid transition involving a defect structure 
high temperature b.c.c. phase has been found 
before in CuCl[34], 

The experimentally determined transi¬ 
tion points were fitted to cubic equations for 
interpolation purposes by means of the least 
mean square method. The results are pre¬ 
sented in Table 1. 


Table 1. Phase behavior of Ag 2 S, Ag 2 Se, 
Ag 2 Te, Cu 2 Se and Cu 2 S 


Transition line 

Fit 

rci 

Standard 

deviation 

(°C) 

AfoTe 1 I/I II 

/ = 143-7-F 11-48/*—0-389/** 

2-1 

Ag z Te II/V 

r = 204 + 7-35P-0-069P* 

0-8 

Ag 2 Te 11/VI 

/ = 326-6 + 6-51P-0-053P 2 

0-8 

Ag 2 Se I/ll 

/= 127 + 6-02P — 0-038P 2 

11 

Cu,Se I /11 

/= 135 —0-624P — 0-012P 2 

0-8 

Cu 2 S ll/lll 

/= 103-5 + 0-504P — 0-005P 2 

1-2 

Cu x S I/I I 

i = 238-8 + 0-834P — 0-031P 2 

1-2 

Cu, M S l/II 

f = 219 + 1-56P — 0-036P 2 

0-6 

Ag,S 1 I/I II 

t= 176-7+ 1-57P 

0-8 

AgjS II/1V 

t= 195 + 3-13P 

0-7 
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Abstract —The magnetic neutron scattering function for a Heisenberg antiferromagnet with spin 1 
per atom in a bcc lattice at finite temperature is evaluated from first principles in the Bethe-Peierls- 
Weiss cluster model, and the temperature dependence of the frequencies and half widths of spin 
excitations is deduced from the scattering function for the temperature range 0 s T/T N s 1-5. The 
results show the essential features observed in recent experiments. 


I. INTRODUCTION 

The inelastic scattering of neutrons from 
exchange coupled spin systems has revealed 
the existence of well defined spin-wave¬ 
like peaks in the neighborhood of the transi¬ 
tion temperature for numerous substances. 
Murthy et «/.[!]. for instance, reported 
such observations in MnO, Turberfield 
el al.[ 2] in MnF 2 , Lowde and Windsor 
[3] in Ni, Nathans et al .[41 in RbMnF ; „ 
and Martel et «/.[5] in CoF 2 . The essential 
features of these observations can be sum¬ 
marized as follows. The neutron spectra in 
the neighborhood of the transition tempera¬ 
ture are clearly resolved into three compon¬ 
ents—an elastic peak at the center with 
absorption and excitation peaks on both 
sides. The position of the elastic peaks is, 
of course, independent of temperature, al¬ 
though their intensities vary with both 
temperature and momentum transfer. At low 
temperatures the absorption peaks are not 
visible because the spin wave population 
obeys Bose-Einstein statistics, but the excita¬ 
tion peaks are sharply peaked and clearly 
visible. As the temperature approaches T N , 
both peaks become visible and their positions 
shift toward lower frequencies with increasing 
half widths. Past T A both peaks are still 
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visible in some cases but with markedly 
reduced tendencies in frequency shift and half 
width increase. An interesting feature in these 
is that even above the transition temperature 
quite well-defined peaks are observed for 
large momentum transfer in some of the sub¬ 
stances. 

The purpose of this paper is to show these 
features of experimental observations result 
from a model calculation of magnetic neutron 
cross section. In particular, the magnetic 
neutron scattering function, which is known 
to be proportional to the cross section [6], is 
evaluated from first principles in the Bethe- 
Peierls-Weiss cluster model of a Heisenberg 
antiferromagnet at finite temperatures, and 
the temperature dependence of spin excita¬ 
tions and half widths is examined in the 
temperature range 0 « T/T* « 1-5. The 
results shown in this paper are informative 
in that there is no working theory at present 
that gives an adequate prediction in tempera¬ 
ture dependence of magnon energies and half 
widths in the intermediate temperature range 
(0-5 T/T n 1-5). The Dyson spin wave 
theory [7] is limited to very low temperatures, 
while Green's function theories either pre¬ 
dict magnon energies proportional to sub¬ 
lattice magnetization with infinite lifetime[8J, 
or have not yet been developed sufficiently 
to produce adequate quantitative results [9], 
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Recently Loly and Doniach f 10] presented 
a computer calculation of magnon energy and 
line width, but their calculations were still 
limited to temperatures below T N - Further¬ 
more, the theories that predict spin-wave 
modes above the transition temperature are 
either qualitative [ 11 ] or phenomenological [ 12] 
in that some analytic form with adjustable 
parameters is assumed for the scattering 
function, and very little is known about these 
theories from first principles. Consequently, 
a model study of the subject from first prin¬ 
ciples would serve an informative purpose 
in understanding the temperature variation 
of spin excitations below and above the 
transition temperature. 

2. SCATTERING FUNCTION IN THE B-P-W 
CLUSTER MODEL 

The neutron differential cross section for an 
isotropic Heisenberg sample can be described 
by the expression |6| 

where A (k,, k f ) is a known function of scatter¬ 
ing parameters and Stk.w) is the scattering 
function related to the dynamical spin-spin 
correlation in the following way: 

5(k.o>) = [2iw,(*„+ !)]-2 e' k " 

H 

JT« dre-'“'<S„(0) ■s.(r)). (2) 

Here k = k / —k, and <u = E f — E t are the 
momentum and energy transfers from neutron 
to crystal with h— 1, S„(/) is the spin operator 
for the atom at lattice site n and at time t, s„ is 
the spin value per atom, and the dynamical 
spin-spin correlation is defined as 

<So(0) -S.(*)> = Z-' 2 e-W 
u 

2<*-|5 0 “(0)U>0 - |5 b "( 0|/) o) 

a 


where Z is the partition function, a = (x, y, z), 
i and j are the stationary states of the sample, 
and the time dependence is given through the 
Heisenberg picture, i.e. 

$„“(/) = eS, “(0) e. (4) 

Substitution of (3) and (4) into (2) yields 
S( k, o)) = [Zso(s u +1)] 1 2 e ,k " 

n 

2 e~W 2<'lVU)0lVl«)8(ft> + £ ( -E,) 

U a 

(5) 

where now the dependence on the energy 
transfer o> is shown explicitly in terms of 
delta function singularities. 

To evaluate the scattering function from 
first principles, i.e. from (5), requires a specific 
model for the sample. In order to make 
calculations as simple as possible and still 
applicable to physical systems in the inter¬ 
mediate temperature range, the B-P-W cluster 
model of the Heisenberg system|13, 14] is 
chosen. Inasmuch as for large k values 
(ka > I) the scattering function is mostly 
determined by the degree of local order, the 
cluster model should be a reasonable approxi¬ 
mation in this range of k values. 

The Heisenberg exchange Hamiltonian for 
a cluster of z+ 1 atoms is usually written in 
the form [13,14] 

,r = -27S 0 'S,-// 1 V-/y 0 5 0 '' (6) 

where J is the exchange integral between 
nearest neighbor atoms, S 0 is spin of the central 
atom, S, the total spin of z atoms in the first 
shell, S 0 Z and S,* are the z-components of the 
corresponding spins, the z-direction being 
defined by the applied field H 0 , and //, denotes 
the sum of the applied field H 0 and the effec¬ 
tive ordering field created by nearest neighbors 
of the first shell atoms outside the cluster. 
The fields H 0 and //, are expressed in units of 
where g is the spin ^-factor and fi H is the 
Bohr magneton. For a ferromagnet J is posi- 
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tive, while for an antiferromagnet J is negative 
and S 0 and S t belong to opposite subiattices. 

In the absence of an external applied field 
the Hamiltonian [6] can be divided into 
unperturbed and perturbed parts, i.e. 

(?) 

where each term is given by 

Sn = -2JS 0 -S,-H i S* = //,S 0 * 

with S = S 0 + S, representing the total spin of 
the cluster. Since the operators S fl 2 , S, 2 , S 2 and 
S‘ commute with the unperturbed Hamiltonian 
<5P, Sf" is diagonal in the representation 
characterized by |.v 0 s, s m) : i.e. 

zT’lwsw) = t'"(i’„.v,.vm)|.v 0 .v l .vm) (8) 

with the eigenvalues and eigenfunctions 
specified by 

E“(s„s,sm) = — J fi(.v+ I) — s,(s, + 1) 
-A'o(.Vo+ 1 

\stfism) = 2 | A'o-v i m„/u i > < s (( A', m (l /u, | .V(>a t sm). 

Here the eigenfunction is expanded in terms 
of individual spinors, and m,„ m„ and m are 
the magnetic quantum numbers for the opera¬ 
tors SnVS,*, S z respectively. The quantities 
w 0 w,|s n A', s m) are the Clebsch-Gordan 
coefficients. For a given spin value .v<, of the 
central atom and the nearest neighbor co¬ 
ordination number z the various quantum 
numbers assume following values: 

Si =0, 1, 2. zx a 

s — |s, Sol» • • • , A| + .V() 1, J, + s 0 

nif, ~ An,. . ., So 1, So (10) 

m = —j,. . ., s— 1, s 
m, = m — m a . 

The perturbing term //,S 0 ; is small compared 
to the unperturbed Hamiltonian. This can be 
seen from the fact that near the transition 
temperature the ordering field W, is small. 


while at low temperatures the average value 
of S 0 ‘ is z+ 1 times less than the average value 
of total cluster spin S*. In view of this fact the 
perturbing term , is treated as a first 
order energy correction to the unperturbed 
system. The diagonal matrix elements of 5 0 * 
are readily evaluated from the relation [ 15] 

(AoV,sm|5 0 , |s 0 ^ism) = [s(.v+ 1 )] -l (soS|jm 
X |S*|.r 0 s,.rm)<s 0 s,sn?|S 0 - 

consequently 

// 1 (s 0 s 1 sm|5 0 i |S()SiS/n) = [2 a'(s+ l)] - ' 

[s(s+ 1) + s 0 (s 0 + 1) - .v,(s, + 1 )]mH t . (11) 

It still remains to evaluate the effective 
ordering field H, and it is to be determined as 
a function of temperature by a suitable self- 
consistency condition. The self-consistency 
originally proposed by Weiss [13] was to 
require the average magnetic moment of the 
central atom and that of the shell atoms be 
equivalent, but it was pointed out by Ander¬ 
son [16], later verified by Li [14] for an anti¬ 
ferromagnet, that Weiss' self-consistency 
leads to a catastrophic property of anti¬ 
transition point at low temperature. It was 
further pointed out by Strieb et al.[ 17] and 
RadclifFe[l 8] that the apparent internal 
inconsistency of the phenomenological cluster 
methods is resolved when the effective field 
Hi is evaluated by minimizing the free energy. 
The result of Radcliffe[18] for a bcc lattice 
turned out to be 

//,-2JU-l)<So*> (12) 

which is just P. Weiss’s molecular field 
approximation[19]. In the present calcula¬ 
tion Hi is evaluated after Radcliffe with an 
additional simplification of replacing the 
magnetization (S,,*) by that of the molecular 
field approximation.* 


•The actual numerical evaluation by Radcliffe showed 
only a marginal improvement over the molecular field 
approximation (see Table 1, Ref. [18]). 
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Now that the eigenvalues and eigenfunc¬ 
tions are obtained, it is possible to proceed to 
numerical evaluation of scattering function 
from (5). In the cluster model the equation (5) 
can be put into more workable form: 

S(k,«) = [Zf.U.+ l)]-' 2 

0 

x f/-u(0) + F u (k)]8(w + E,-Ei) (13) 

with 

f u ( 0 ) = i<i|vi;)i s +i<i'lviy) 0 'l-vi') 

+i<i|Vl»0'lV|/> (14) 

F„(k) - [</M»0!S.*|i> + <i|S/U> 

x 0 - |5r|/>JC(k) 

where C(k) represents the phase factor 
averaged over solid angle ft; i.e. 

C(k) = (e*'">n = / dfle*"// dll 

= sin (ka)l(ka) (15) 

a being the average nearest neighbor distance. 
The partition function is explicitly 

Z = 2 ^(s.le-VV (16) 

i 

where H-'G,) is the multiplicity of the .v, 
quantum numbers obtainable from 

H'(a,)®Z.(* 1 )-L(*,+ l) (17) 

with L{ jj) equal to the coefficient of X s ' in the 
polynomial 

(X‘' + X'"'+- ■ • + X' A - ' “')■’• (18) 

The values of IT(.vi) used in this paper are 
listed in Table 1. For a bec lattice with spin $ 
per atom, there are altogether 4 9 eigenstates 
|j 0 *1 s m) , each of which is constructed as a 
linear combination of four individual spin 
states, i.e. 

|f) = |s«JiSm) =c I |s 0 s,m„ = f m, = m-|) 
+ c 2 |s„s,r« 0 = i m, - m - i> 


+ r 3 |i 0 5 i'”a = —im, = m + i) 

+ c 4 |j«Jimi, = -im, — m + §) (19) 

where c’s are the appropriate Clebsch- 
Gordan coefficients. The necessary matrix 
elements between these states are of the type: 

|S 0 s ).Vo^'irr7 0 mi) = m a 

lmi|5o + ko‘ ? i w o w i) 

= [(s«—m 0 )(s u +m 0 + 1) ] 1,2 
<.V, m () m, 1| So-r, + Im,) 

= [(s„+m 0 + 1)(* 0 — rn 0 )] l/z : (20) 
similarly for the 5, + , S, ~ operators. 


Table 1. The degeneracy of shell 
quantum number for a bcc lattice 
with spin \ per atom 


*1 

W(.v,) 

*1 

tV(i,) 

0 

358 

7 

426 

1 

992 

8 

212 

2 

1398 

9 

88 

i 

1515 

10 

29 

A 

1377 

II 

7 

5 

1075 

12 

1 

6 

728 




3. RESULTS AND DISCUSSION 
The scattering function as given by (13) has 
been evaluated for a bcc lattice of spin ^ 
per atom with the nearest neighbor exchange 
integral set at k,J\IJ = — 17-04[20]. A typical 
set of such numerical results is shown in 
Figs, l(a-j) for a fixed value of momentum 
transfer k (ka = 3n/2)* as a function of energy 
transfer tv in the temperature range 0-3 
T/T x 1-5. The solid vertical lines denote 
the delta function singularities in 5 (k, u>). The 
singularities at zero energy constitute elastic 
peaks labeled D, and heights of these elastic 
peaks are not shown in scale but rather in 
numbers at the tip of each line. 

At low temperatures the absorption peaks 


•Inasmuch as the cluster model is a local model, the 
results for small k values would not be as meaningful as 
those for large k. 




Fig. 1(c). Fig. 1(d). 
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A are hardly visible, while the excitation peaks 
E are seen to be sharply peaked. As the 
temperature approaches T s , the absorption 
peaks become visible, while the excitation 
peaks become broadened and shifted to lower 
energies. Past 7* these inelastic peaks, A and 
E, remain clearly resolved, but their energies 
and half widths become nearly independent 
of temperature. In conformity with experi¬ 
mental practice(5) the excitation energies or 
are determined as that position where the 
maxima of excitation peaks £ occur as denoted 
by down pointed arrows* in Fig. I. and the 
half widths Au> are merely the half widths at 
half maxima of these excitation peaks E. The 
horizontal lines in Fig. I are drawn in some¬ 
what arbitrarily between predominant vertical 
lines.t starting always from the tip of a lower 
vertical line and ending at the side or tip of a 
higher neighbor vertical line, to serve merely 
as visual aids in determining excitation 
maxima and half widths. The temperature 
dependence of the excitation energies and 
half widths thus determined is shown in Fig. 2. 
The energies w remain nearly independent of 
temperature up to about 0 5 T A , decrease 
rapidly to about one half of their low tempera¬ 
ture values by T N , and past T s vary little with 
temperature: while the half widths Aw start 
with a small value at low temperatures, in¬ 
crease non-linearly as the temperature 
approaches 7 A , and past T s vary little with 
temperature. 

The intensities of various peaks vary with 
temperature T and momentum transfer k. 
Shown in Fig. 3 are the intensities of A(k, w) 
for three typical values of k and four different 

♦The amount of uncertainty associated with the loca¬ 
tion of these arrows is indicated in Fig. 2. 

tit should be noted from equation (9) that below 7\ the 
term H,m is finite and because of this fact the energy 
levels of a spin cluster split into finer increments enabling 
more transitions between these states. The shorter 
vertical lines in between predominant vertical lines in 
Fig. 1 below T, v are the results of these additional transi¬ 
tions. Inasmuch as these finer structures in S(k. w) are 
not likely to be observed in experiments, they are 
neglected in determining the line shape of the inelastic 
peak . 



Fig. 2. The excitation energy 01 and half width at half 
maxima Au> are shown as a function of temperature for 
ku - 3tt/ 2 and = —17-04. 

values of 7 above T v . F or a given T the in¬ 
tensities in general (A, D , or E) increase with 
k. while for a given k, each kind of peaks 
varies differently with T. The elastic peaks D 
increase in intensity with increasing T for 
small k but decrease with increasing T for 
large k. For a fixed k the absorption peaks A 
increase in intensity with increasing T, 
while the excitation peaks E vary conversely 
to the absorption peaks. Not only do these 
general tendencies shown here for T above 
7 v hold for F below 7', v , but they do so with 
added pronouncedness as can be seen from 
Fig. I for the case of ka = 3tt/2. 

There exists no real spin f bcc isotropic 
Heisenberg magnet for which neutron data 
are available and thus it is not possible to 
make direct comparison with experiments; it 
is nevertheless informative to note that all or 
part of the features obtained from the present 
model calculation have been observed in each 
of the experiments mentioned at the outset 
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Fig. 3. The intensities of various peaks in 5(k. oj) are 
shown for three typical values of k and four different 
temperatures above T s . The heights of elastic peaks D are 
shown in numbers at the tip of each line. 


[1-5]. The inelastic neutron scattering data 
for RbMnF., in the immediate vicinity of 
transition temperature [4], for instance, show 
striking qualitative agreement with present 
results, but here again a quantitative com¬ 
parison would not be very meaningful since 
RbMnF 3 has sc lattice with spin f. 

The results for T = « are not very much 
different from those at T — 1 -5 T s shown 
in Fig. 3, except for the fact that now at T = * 
the absorption and excitation peaks are sym¬ 
metric with respect to cu = 0 axis as they 
should be from the fact that -S' (k, to) is an even 
function in to at T = <*. Unlike the case of sc 
lattice with spin £[21] in which it was pos¬ 
sible to smooth out the curve for 5 (k, to) and 
the smoothed version agreed well with the 
infinite temperature results derived from the 
method of moments-the Gaussian distribu¬ 


tion by de Gennes[22] and its modification 
by Collins and Marshall [23], it does not seem 
possible in the present case of a bcc lattice 
with spin f to follow the same procedures 
and comment on the agreement with the 
results of the method of moments. The per¬ 
sistence of structure in S(k, w) up to T = <* 
for the present case is most probably due to 
lack of diffusion in the cluster model, the diffu¬ 
sion process being a long-time phenomenon 
over a wide-range of lattice space. It should be 
noted, however, that a considerably larger 
number of frequencies resulted for the 
present case of bcc and spin than the 
previous case of sc and spin £, and in this 
sense the present work may be considered as 
an improvement over the earlier work [21], 
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Abstract- Using the relativistic mixed basis (M.B.) technique and the non-relativistic O.P.W. tech¬ 
nique. electron energy bands are obtained for K1 and Rbl under a variety of conditions. It is argued 
that the previous calculations and interpretations offered for the Kl optical absorption spectrum are not 
in agreement with recent experimental results. The present calculation produces results which elim¬ 
inate the difficulties associated with previous theoretical models, and the results of this calculation are 
in good agreement with experiment. It is found that the L, and X a conduction levels play a substantial 
role in understanding the experimental results. It is also shown that a stringent ‘muffin tin’ potential is 
a poor approximation to the Kl potential. The Rbl results are similar to the Kl results and a similar 


experimental interpretation is advanced. 

1. INTRODUCTION 

In recent years the properties of Kl have 
been the subject of many theoretical and ex¬ 
perimental papers. In this present paper we 
use electron energy band theory to investigate 
certain optical and transport properties of 
Kl and Rbl. 

The first attempt to obtain a band structure 
for Kl was made by Phillips! 1]. In this work 
it was assumed that the conduction band was 
free electron like. The valence band was 
modeled, after that which Howland obtained 
for KC112). The optical absorption spectrum 
of Kl has four sharp peaks in the low energy 
region. These peaks at 77°K are at 0 430 Ry, 
0-496 Ry, 0-507 Ry and 0-526 Ry[3], Phillips 
interpreted the first two peaks as being due to 
exciton transitions from the spin-orbit split 
l~5p valence band to the s-like conduction 
band at the point T in the first Brillouin zone. 
The second two peaks were interpreted as 
being due to exciton transitions from the 
upper two spin-orbit split I~5p valence states 
to the s-like conduction band at L. 
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This model has been shown to be far too 
simpie[4, 5]. Firstly, the free electron model 
places the d-like conduction bands above the 
i-like conduction bands, whereas by a more 
detailed calculation the two conduction bands 
are seen to overlap [4]. Secondly, the exciton 
transition at the point L would be at a point 
where the energy separation of the valence 
and conduction bands is a relative maximum 
and one need not expect to see sharp exciton 
lines in this case. Onodera found that at the 
point X the lowest lying state is a d -like X 3 
state and the separation of valence and con¬ 
duction band is a relative minimum just as it 
is at T and one may expect to find bound exci- 
tons here [4]. Onodera and Toyozawa[5] 
have developed a very elegant theory of 
these excitons. It is noted that Onodera iden¬ 
tifies the first and fourth prominent absorption 
peaks as being due to the F exciton and the 
second and third peaks as being due to the 
X exciton. 

There are several experimental difficulties 
with the model of Onodera. Firstly, by a very 
careful analysis of the absorption spectrum 
of pure Nal, Kl and Rbl crystals and mixed 
Nal-KI and KI-RbI crystals, Nakamura has 
shown that the first two peaks are due to 
transitions at the same point in the Brillouin 
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zone[6,7J. The first three absorption peaks 
are seen to have a similar temperature 
dependence [8]. Previously, the author has 
shown that the temperature dependence is 
explained simply by changes in the band struc¬ 
ture due to the change in average lattice para¬ 
meter as the temperature is changed [9j. It 
seems unlikely that transitions to different 
symmetry conductions bands should have the 
same dependence upon lattice parameter. In 
the case of Csl, Onodera has found that the 
first few exciton transitions are to s and d like 
conduction bands (10], Lynch and Brothers 
have measured the pressure dependence of 
the first few excitons in Csl and find that the 
sign of the change in energy with pressure of 
the first two excitons is opposite [11]. It seems 
likely that transitions to s and d hands in both 
Kl and Csl would have a similar dependence 
on lattice parameter. 

In this paper we present a calculation of the 
energy bands in Kl which avoids the difficul¬ 
ties of the Phillips model[l] and the Onodera 
calculation(4). It is shown that the greatest 
part of the difference in the calculation of 
Onodera and the present one is due to a very 
stringent ‘muffin-tin' approximation to the Kl 
potential which is made by Onodera. We have 
found a similar difficulty in applying a ‘muffin- 
tin’ potential to NaCI [ 12]. 

In Section 2, we describe the techniques 
used in this calculation and discuss the various 
approximations made. In Section 3 the results 
of the various calculations are presented for 
Kl in its normal lattice and in a distorted 
lattice. Results for Rbl are also presented here. 
In Section 4 we compute the effective mass of 
an electron in the Kl conduction band and 
compute the corresponding polaron mass. 
The results are compared to experiment in 
Section 5. 

2. DETAILS OF THE ENERGY BAND CALCULATION 
The energy bands in Kl have been computed 
using both the non-relativistic O.P.W. tech- 
nique[13,14] and the relativistic M.B. (mixed 
basis) formalism[15]. In the case of Rbl 


only the non-relativistic O.P.W. method is 
used. For Kl we use a value of 13-236 Bohr 
units for our normal lattice constant. In the 
case of Rbl we use the value of 13-8 Bohr 
units for the lattice constant, tn the case of 
Kl we also recompute the band structure 
using a lattice constant of 13-000 Bohr units 
in order to study the dependence of band 
structure on temperature or hydrostatic pres¬ 
sure. 

For these calculations we chose our usual 
model of potential [14,15]. This is a localized 
version of the Hartree-Fock potential for 
a valence electron located on a halogen ion. 
Localization is accomplished using the Slater 
exchange[16] and imposing a Latter tail[17] 
so that the potential contributions have the 
desired asymptotic behavior. By using a 
localized potential we may not use the 
eigenvalues of the resulting Schrodinger equa¬ 
tion as being the energy needed to remove that 
electron from the crystal since Koopman’s 
theorem is no longer valid [18]. Thus we might 
regard the potential chosen as a type of 
pseudo-potential where it is hoped that the 
errors introduced by neglecting Koopman’s 
theorem compensate for the errors introduced 
by neglecting correlation effects. The ultimate 
test of such an approximation is the compar¬ 
ison with experiment. The normal lattice Kl 
calculation was repeated using a ‘mufin-tin’ 
potential formed from the previously de¬ 
scribed potential using the values for sphere 
radii and height of the constant term in the 
potential given by Onodera et al.[ 4]. As will 
be seen, this 'muffin-tin' potential causes con¬ 
siderable distortion of the band structure. 

It is useful at this time to define the types 
of calculations used. The one electron crys¬ 
tal hamiltonian is given as 

H = 2 ^+ V ^ + H r n + H d + H s - 0 . ( 1 ) 

In equation (1) p is the momentum of an elec¬ 
tron. m is the electron mass, F(r) is the lattice 
potential, H m is the relativistic variation of 
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mass with velocity term, H d is the Darwin 
or non-physical term and H,- 0 is the spin 
orbit operator. In the non-relativistic O.P.W. 
calculation H m . H d and H s ^ 0 are set equal to 
zero. In the M.B. calculation H s ~o is included 
using degenerate state perturbation theory 
[19]. 

The states which are included as core states 
are the K + , Is. 2s, 2p, 3s, 3 p, the Rb + Is, 2s, 
2 p, 3s, 3 p, 3d, 4s, 4p, and the 1" Is, 2s, 2 p, 
3s, 3 p, 3d, 4s, 4 p. 4 d. In the case of the O.P.W. 
calculation the one electron wave function is 
given as 

^(kj) = 2 *$k)[$ 2 yk, r) - 2 4C<k. r) 

m m* 

<^|^(k.r))] (2) 

and for the M.B. calculation we find 

Ok, r)«2 «2Jk)«t^(k.r) 

M—l 

+ 2^(k).S'-(k,r). (3) 

m' 

In equations (2) and (3) is the nth eigen¬ 
state which transforms according to the ath 
row of the yth irreducible representation of 
the point group of the wave vector k. The <P’s 
are properly symmetrized combinations of 
Bloch sums formed from the core orbitals. 
The S’s are properly symmetrized combina¬ 
tions of plane waves which have a common 
kinetic energy. The a’s and b’s are variational 
parameters and are determined by simultan¬ 
eously diagonalizing the overlap and hamil- 
tonian matrix formed using the plane waves 
and the core orbitals or the orthogonalized 
plane waves as an expansion basis. In this 
calculation about 400 plane waves are used 
and the convergence of the energy levels is 
estimated to be better than 0 001 Ry. 

3. RESULTS OF THE ENERGY BAND 
CALCULATIONS 

The electronic energy levels of K1 were 
evaluated for the normal lattice constant at 


ten points in the first Brillouin zone by'the 
M.B. method. These points are I\ X, L , K , the 
midpoint of A, three equally spaced points 
along A and two points along S. The A'-ray 
energy levels obtained from this calculation 
are given in Table I. In Table 2 the energies 
of selected points of high symmetry for the 
valence and conduction band are given. Spin- 
orbit effects in the conduction band are ne¬ 
glected due to their small size[4]. The energy 
bands are shown in Fig. 1. 

It is seen that spin-orbit effects split the 
predominantly 5 p 1“ valence band into two 
non-overlapping bands. At the center of the 
zone the splitting is 0-083 Ry. Neglecting 

Table 1. The X-ray levels for the KI 
crystal are given in column two for 
the normal lattice parameter (a = 

13 -236 Bohr units) and for a lattice 
parameter of 13-000 Bohr units in 
column three. In column one the 
atomic state of origin for the X-ray 
levels is given. In column four the 
levels obtained for the normal lattice 
parameter using a ‘muffin tin' po¬ 
tential are given. Results are in 
Rydbergs 


One 

Two 

Three 

Four 

1 l.v 

-2433- 

-2433- 

-2433- 

1 2.v 

-379-6 

-379-6 

-379-6 

I2pj = i 

-359-6 

-359-6 

-359-6 

i-2p.y = i 

-339-8 

-339-8 

-339-8 

l 3 a 

-77-62 

-77-64 

-77-62 

• -V.y = I 

-69-02 

-69-03 

-69-02 

1-3 P../ = i 

-65-24 

-65-25 

-65-24 

1-3 

-50-51 

-50-52 

-50-51 

1-3 d,j=i 

-49-61 

-49-62 

-49-61 

1-4* 

-14-02 

-14-04 

—14-02 


-10-87 

-10-89 

-10-87 

l"4 p.j = i 

-10-13 

-10-15 

—10-13 

1-4 d.j = i 

-4-603 

-4-612 

-4-603 

T4d.j = ) 

-4-468 

-4-476 

-4-468 

K + l.v 

-236-7 

-236-7 

236-7 

K + 2.r 

-27-36 

-27-35 

-27-36 

K + 2pJ = i 

-22-27 

-22-25 

-22-27 

K 4 2 p.j = i 

-22-05 

-22-03 

-22-05 

K + 3j 

-2-962 

-2-952 

-2-962 

K + 3 pj=i 

-1-731 

-1-722 

-1-731 

K*3pJ=| 

-1-710 

-1-701 

-1-710 
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Table 2. The energies of points of high sym¬ 
metry in the first Brillouin zone of the Kl 
crystal are given. Results are presented for 
the valence and conduction hands. In column 
one the symmetry of the state is given using 
the notation of [24|. In the second column 
the results obtained using the relativistic 
mixed basis method and the model potential 
described in [14, 151 are given. In the third 
column results obtained using the relativis¬ 
tic mixed basis method and the ‘muffin tin' 
potential described in the text are given. In 
column four, non-relativistic O.P.W. results 
are given and in column Jive, results for Kl 
obtained by Onodera et al. [4] using a ‘muffin 
tin potential are given. For the results oj 
columns two to five the lattice parameter is 
13-236 Bohr radii. In column six, results are 
presented using a lattice parameter of 13-000 
Bohr units and the same method as was used 
for the results of column two. Spin-orbit 
effects are neglected for the conduction 
hand. All energies are in Rydbergs 


One 

I wo 

1 hree 

Kmr 

Kivc 

Six 

5,vl valence hand 

r, 

-1 -525 

-1-510 

-1 369 

-1-47 

- 1 -536 

X, 

—1-514 

-1 -503 

-1-357 

— 

— 1-524 

I., 

- I-5IS 

-1-506 

- 1-360 


-1-529 


V 

1 valence band 



1 14) 

-0-675 

-0-663 

- 0-659 

-0 598 

0-699 

I’.- 

-0-758 

-0-744 


-0-691 

-0-793 


-0-707 

-0-67.3 

-0-678 

-0-615 

-0-715 

•W) 

-0-727 

-0-689 

-0-719 

-0-631 

-0-737 

Xi 

-0-805 

-0-756 


-0-710 

-0-815 


-0-701 

-0-660 

-0-671 

-0 619 

-0-711 

L, (L‘) 

-0-731 

-0-688 

-0-735 

-0-639 

-0-741 


-0-809 

-0-764 


-0-718 

-0-819 


Lower conduction bunds 


P | 

-0 269 

- 0-080 

- 0-236 

- 0-144 

- 0-259 

1 » 

0-012 

0-160 

0-013 

- 0-042 

0-015 

1 '.. 

0-112 

0-159 

0-115 

- 0-057 

0-115 


- 0-058 

0-019 

- 0-048 

-0 063 

- 0-049 


- 0-166 

0-102 

- 0-164 

- 0-097 

— 0-174 


0-269 

0-462 

0-280 

0-406 

0-295 


0-009 

0 - 26.3 

0-029 

0-225 

0 028 

x > 

0-219 

0-232 

0-223 

- 0-022 

0-225 

L , 

- 0-206 

0-026 

- 0-194 

0-005 

- 0-205 

L > 

- 0-036 

0 061 

0 - 03.3 

0-020 

- 0-044 

K 

- 0-009 

0-147 

0-008 

0-027 

0-009 

^a 

0-155 

0-266 

0-157 

0-067 

0-147 


spin-orbit splitting the valence band is 0-076 
Ry wide. The width of the spin-orbit split 
valence band is 0-134 Ry. Itis noted that using 
the present J~ potential, the author obtains 
a value of 0-066 Ry for the spin-orbit splitting 
of the free ion I" 5 p state. The experimental 
value is 0-065 Ry and the agreement is 
excellent. 

It is found that the band gap is at Y and is 
from a p-like F* state to the .v-like T, state, and 
has a value of 0-406 Ry. It is noted that there 
are other low lying conduction band minima 
at the points L and X. The minimum at X 
involves the d-like state X 3 . In general, it is 
noted that there is very poor agreement 
between this calculation and that of Onodera 
et ai\ 4] with respect to the details of the con¬ 
duction band. The most obvious differences 
are that the order of the c/-like states at F (r, 2 
andl' 2r ,.) are reversed in this calculation from 
those given by Onodera. It is observed that 
the order of the ^-states obtained here is the 
same as this author and other authors have 
obtained for other alkali halides| 14,15,20,23], 

There are two things one can do to try to 
understand the differences between the 
present calculation and that of Onodera et al. 
[4], Firstly, the energy bands were recomputed 
at F. X. L and the midpoint of A using the 
non-relativistic O.P.W. method. These results 
are presented in Table 2. It is seen that there 
is excellent correlation between the authors’ 
results using the two methods. The chief 
quantitative differences may be attributed to 
relativistic effects. Certainly the differences 
between the relativistic and non-relativistic 
results are similar to those found by the author 
for Nal. 

As a second test, the band structure of Kl 
was computed making a 'muffin-tin' approx¬ 
imation to the author's potential. As a matter 
of convenience, the author used the values 
given by Onodera[4] for the 'muffin-tin' 
constants. The radius of the K + sphere was 
3-275 Bohr, the radius of the I” sphere was 
3 -343 Bohr and the potential outside the 
'muffin-tin' spheres was -0-145 Ry. The 
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Fig I.The electron energy bands of KI are shown along lines of 
high symmetry in the first Bnllouin zone. The lattice parameter is 
I 2-236 Bohr radii. The B.S.W. notation is used[24]. The calculation 
was performed by the relativistic M.B. method. 


calculation using the ‘muffin-tin’ potential was 
made at I'. X, L , K and is presented in Tables 1 
and 2. It is seen that the results are greatly 
distorted by the use of a ‘muffin-tin’ potential. 
However, the results of Onodera are not ob¬ 
tained. The author believes this is due to re¬ 
maining differences in the potential used in the 
two calculations. It does not seem likely that 
this is due to errors in the present calculation 
since the author, using his present program 
and a ‘muffin-tin’ potential, was able to re¬ 
produce the NaCl results obtained by Clark 
and Kliewer[23] who used a ‘muffin-tin’ 
potential and the A.P.W. method. In addition, 
the author does not believe this technique of 
including relativistic effects is at fault since 
the size of the relativistic effects obtained by 
the author agree well with those of Onodera. 

Finally, using a lattice constant of 13-000 
Bohr, the band structure of KI was evaluated 
at the points F, A\ L, K using the usual poten¬ 
tial. Qualitatively, these results are very 
similar to those obtained using the normal 
lattice constant. These results are presented 
in Tables 1.2. These results will be discussed 
in Section 5. 

In the case of Rbl a non-relativistic O.P.W. 


calculation was performed at the points T, X , 
L and the midpoint of A. In a qualitative and 
quantitative sense the conduction bands of 
Rbl are similar to those of KI. The results 
of the Rbl calculation are presented in Table 
3 and Fig. 2. Neglecting spin-orbit effects the 
valence band is found to be 0-063 Ry wide. 
The top of the valence band is at F 1S and the 
bottom of the conduction band is at I' t . In 
these discussions the group theoretical nota¬ 
tion of Bouckaert et al. is used [24]. The band 
gap is found to be 0-412 Ry. 

It is seen that there is a low lying minimum 
in the conduction band at X a . The L, conduc¬ 
tion level is also very low lying and by com¬ 
parison of the Rbl results with those of KI, 
the author speculates that L, is also a mini¬ 
mum. In presenting al) of the above results a 
halogen ion site is used as the origin. 

4. EFFECTIVE MASS AND POLARON MASS OF 
CONDUCTION ELECTRONS 

Using the results of the energy band calcu¬ 
lation the author has been able to compute 
the bare effective mass of an electron in the 
T, conduction state. At points of high sym¬ 
metry such as F, X. and L in the first Brillouin 
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Table 3. The energies of points of 
high symmetry in the first Brillouin 
zone of the Rbl crystal are given. 
These calculations were made using 
the non-relativistic O.P.W. method as 
described in [24]. The lattice para¬ 
meter used was 13-8 Bohr units. All 
energies are in Rydbergs 


5*1 valence band 

r, 

-1-35 X, -1-34 L , 

-1-34 


5 pi valence band 


l in 

-0-646 X\ -0-659 

-0 658 


X‘ -0-690 i: 

-709 


I ower conduction states 


r, 

-0-234 X, 

-0-028 


- 0-175 

r;» 

-0-002 X, 

-0-162 

/v 

-0-020 


x[ 

0 268 


0-001 

^ 12 

0-99 X\ 

X, 

Oil 

0-203 


0171 

IV 

^ itv 

0 086 X, 

0-650 


0-269 

0-504 X, 

0 271 


0-239 


X , 

0-280 


0-320 


zone the effective mass of an electron is given 
by [25] 



At the point P, this mass m u is found to be a 
scalar. The author has computed the effective 
mass about P, by several different techniques. 
Parabolic fits of the computed band structure 
were made using the point P, as one of the 
points fit and several of the points along A and 
2 for the other point. In addition tight binding 
fits of £(k) about I', were made using the 
methods of Slater and Koster[26]. These tight 
binding fits seemed well converged and were 
employed in equation (4). 

The results of the several calculations were 
very consistent and effective mass of 0-44 free 
electron masses was obtained for the P, con¬ 
duction electron using the tight binding method 



Fig. 2. The electron energy bands of Rbl are shown along 
lines of high symmetry in the first Brillouin zone. A lattice 
constant of 13 -8 Bohr radii was used. The calculation was 
performed using the O P.W. method The BSW notation 
is used|24|. 


which the authors believe to be the most 
reliable. The deviation from this value using 
the other technique was found to be +0 00 to 
—0 04 electron masses. 

In transport measurements the bare effec¬ 
tive mass of the electron is not measured but 
a polaron mass is. Therefore, it is useful to 
compute the polaron mass from the bare effec¬ 
tive mass. To do this, we employ the Langreth 
interpolation formula to the Feynman polaron 
mass [27], Thus, one finds the polaron mass to 
be 


m v = 

a = 


J 1 - 0~0008a 2 

\1 -V6a + 0-0034a 2 

(ef\( m —fa, 
\h)\2fuoJ e se „ ■ 


)■ 


(5) 


Here m is the electron bare effective mass, e is 
the electron charge, o> ( is the frequency of a 
longitudinal optical phonon, e» is the static 
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dielectric constant, and e* is the optical dielec¬ 
tric constant. 

For Kl, the value of a is 2-60 and one finds 
the polaron mass to be 0-72 electron masses 
when the value of 0-44 is used for the bare 
effective mass. It is also possible to compute 
the polaron mass using the intermediate 
coupling theory result of Lee, Low and Pines 
[28], In this case, the polaron mass is given by 

m,, = m(] +|) ( 6 ) 

and is found to be 0-63 electron masses if one 
uses 0-44 for the mass of the bare electron. 

5. COMPARISON OF THEORY AND EXPERIMENT 

Experimentally, KI has received much 
attention. The optical absorption spectrum of 
thin films of KI has been measured by Eby 
et u/.|3] Fischer and Hilsch [8] and Teegarden 
and Baldini [29]. Studies have also been made 
on the reflection spectrum of bulk crystals of 
KL by Roessler and Walker[30] and by Baldini 
and Bosacchi[31]. In addition there is optical 
absorption data on mixed Kl-Rbl crystals by 
Nakamura[6] and on mixed Kl-Nal crystals 
by Nakamura and Nakai(7], Basically, there 
is excellent agreement among the various 
authors on the features of the optical absorp¬ 
tion spectrum of KI. 

In the analysis that follows the energy 
values used are those of Teegarden and 
Baldini obtained at 10°K. The onset of opti¬ 
cal absorption begins at about 0-426 Ry with 
a strong narrow peak identified as the gamma 
exciton formed by a transition from the F^ 
valence state. There is a shoulder in the ab¬ 
sorption at about 0-458 Ry which is interpreted 
as being due to the band to band transition 
from r« to F,. There are other sharp absorp¬ 
tion peaks to 0-500, 0-514 and 0-534 Ry for 
which various interpretations have been pro¬ 
posed. In addition there are certain broad 
peaks in the absorption spectrum at 0-570, 
0-611 and 0-661 Ry. The position of the band 
to band transition has been confirmed by the 


two phonon absorption experiments of 
Hopfield, Worlock and Park [32]. 

Theoretical attempts to interpret the experi¬ 
mental data has been made by Phillips[l] and 
Onpdera et a/.[4,5], Onodera has demon¬ 
strated that the interpretations of Phillips are 
in error due to Phillips’ neglect of the d-like 
conduction levels. In the interpretation of 
Onodera, the first sharp peak is due to transi¬ 
tion from the Fg valence band to the exciton 
level associated with the I', conduction level. 
He interprets the second sharp peak as being 
due to transition from X , to the d-like exciton 
state associated with AV The third peak is 
said to be due to an exciton transition from X~ 6 
to X 3 and the fourth is said to be due to the 
exciton transition from Fg to F,. 

The interpretations of Onodera et al. are 
not in agreement with recent experimental 
evidence. Firstly, the analysis of the mixed 
crystal KI-Rbl data[6] and of the Kl-Nal 
data [7] indicates that the first two peaks 
involve final states of the same symmetry. 
Hence, since the first peak is generally agreed 
to be due to a Fj to F, transition, the second 
peak should be due to the Fj to F, transition. 
The analysis of the mixed crystal data by 
Nakamura is supported by the temperature 
dependence studies of the sharp peaks in the 
KI absorption spectrum by Fischer and 
Hilsch [8], The first two peaks are seen to have 
a similar temperature dependence in this work. 
It is also noted that the third peak has a tem¬ 
perature dependence similar to that of the first 
two. A shoulder on the high energy side of the 
fourth peak is found to have the opposite tem¬ 
perature dependence of the first three peaks. 
That is for the first three peaks the absorption 
energy shifts to lower energy as the tempera¬ 
ture is raised. 

It is possible to explain most of the experi¬ 
mentally observed features of the KI absorp¬ 
tion spectrum in terms of the present calcula¬ 
tion. In Fig. 3 we present a chart ^pf the M 0 
type absorption edges associated with the low 
lying conduction band minima at F,, L, and X„. 
We also show the first few absorption peaks 
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Fig. 3. The theoretical hand edgo> arc shown on the left 
hand side for KI. In the center the experimental peaks and 
the band to band transition is given. On the right hand 
side an empirically adjusted set of theoretical band edges 
arc given. The notation of|24|. and the experimental 
data of1291 are used. 


and the band edge obtained from the KI opti¬ 
cal absorption spectrum. Finally, wc show a 
revised set of M„ type edges which we obtain 
by forcing the calculated band gap to agree 
with experiment. In doing this, we adjust the 
structure rigidly. It is noted that the error in 
the band gap is small (10 per cent). Previous 
calculations have shown that such readjust¬ 
ments are reasonable[14|. 

We see that the first four sharp absorption 
peaks in KI may be due to excitons associated 
with the IV f i. IV IV f-i.r, —* and 

Zv band to band transitions. It is also 

seen that the shoulder on the high energy side 
of the fourth peak may be due to an exciton 
associated with the Af -* A a band to band 
transition. There is also good agreement 


between the higher broad absorption peaks 
and the low lying M 0 edges shown in Fig. 3. 

From calculating the change in band edges 
with change in lattice parameter we find that 
the band edges at F, and L x will shift to lower 
energy as the temperature is raised. We also 
find that the edges associated with A„ will go 
to higher energy as the temperature is raised. 
We also find that the edges associated with 
A ; , will go to higher energy as the temperature 
is raised. Thus, we see that the interpretation 
of the KI absorption spectrum based upon 
the present calculation is in agreement with 
the experiments of Nakamura[16], Nakamura 
and Nakai[7], and Fischer and Hilsch f8j. 

Hodby. Borders, Brown and Fonerl33] 
have measured the mass of a polaron in the 
conduction band of KI. They find the polaron 
mass to be 0-67 ±0 05 electron masses, a 
value which is in excellent agreement with the 
value of 0-72 electron masses obtained from 
this calculation. 

Finally, using the results of Bridgman[34], 
we have computed the hydro-static pressure 
dependence of the KI band edges. They are 
as follows: 



(upper) -» L, 
A. - A, 
A ( T(upper) -* A : , 


dE/dP = 5 0 x ]0~ e Ry/bar 
i\EH>P = 6-4 x 10“ B Ry/bar 
0t7<)P= 16 x ]0~ B Ry/bar 
;>E/flP= 1 -6 x I0 -B Ry/bar 
dEIdP^ - 10~ T Ry/bar 
<)EI<)P ~ — 10~ 7 Ry/bar. 


The author is not aware of any experimental 
studies of the pressure dependence of the 
band edges in KI with which to compare these 
results. 

Recently Frohlich and Staginnus and also 
Park and Stafford have measured the two 
photon spectra of KI and Csl[35]. These 
studies have included the polarization depen¬ 
dence of optical absorption in the region of the 
band edges. In the case of Csl a marked 
change in polarization dependence of the 
absorption occurs when one shifts from the 
absorption associated with j-like band edges 
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to d- like band edges. This is in agreement with 
the results of Lynch and Brothers[l 1]. In 
the case of Kl as measured by Frdhlich and 
Staginnus there was no observed strong change 
in absorption with polarization throughout 
the exciton region. This tends to confirm the 
assignments proposed in this paper. The less 
extensive results of Park and Stafford are 
not in agreement with the more recent work of 
Frohlich and Staginnus. 

Finally, we consider the soft X-ray absorp¬ 
tion measurements of Fujita, Gahwiller and 
Brown[36]. In these experiments the soft 
X-ray absorption from the 4d\~ states to the 
p-like conduction bands are measured. The 
onset of this absorption is at about 3 94 Ry. 
There are sharp peaks observed at about 3 98, 
410, 4-32 and 4-45 Ry. In addition there are 
smaller peaks at 4 07, 4-17, 4-19 and 4-23 Ry. 
These may be due either to exciton or band 
to band transitions. The splitting between 
the first two sharp peaks is 0-12 Ry. This 
corresponds well with the computed spin- 
orbit splitting of 013 Ry of the 4dl~ state. 
The p absorption band has a total width of 
about 0-47 Ry. The computed width of the 
p-like levels associated with the lowest 1',., 
conduction level is about 0-50 Ry. 

In the case of Rbl, the interpretation of the 
optical spectrum is conducted along the line 
indicated by the Kl results. In this case, there 
are no other calculations available for compar¬ 
ison. In Fig. 4 we show the band edges of Rbl 
associated with I',. L x and AV To make this 
chart spin-orbit splittings have been incorpora¬ 
ted in the Rbl valence band by degenerate 
state perturbation theory. We also show the 
band edge and the exciton transitions obtained 
from experiment[20, 37], Finally, we show a 
revised set of edges obtained by having the 
band gap agree with experiment. It is seen 
that a similar experimental interpretation 
to that of Kl is possible for Rbl. It is clear 
that the first exciton peak is associated 
with the Fg —* F, transition. The second and 
third peaks are associated with the L 7 —* L, 
and the Fg -*• F, transitions respectively 



Fig. 4. The theoretical hand edges are shown on the left 
hand side for Rbl. In the center the experimental peaks 
and the band to band transition is given. On the right the 
empirically udjusted set of theoretical band edges are 
given. The notation of Ref.|24] is used and the experi¬ 
mental data of |24] and [35] are used. 

although it is possible that if one includes 
relativistic shifts the l'g —» F, edge would lie 
lower. However the fourth peak seems assoc¬ 
iated with the Xj -* X :i transition. Here as in 
Kl low lying minima at I'. L, and X in the 
conduction band are essential in an interpreta¬ 
tion of the Rbl absorption spectrum. 

Recent Stark measurements by Menes on 
Rbl tend -to confirm our assignments[38]. 
However, this would indicate that the spin- 
orbit splitting in the F exciton is smaller than 
for the I' band edge. It is also possible that 
some small structure between the third and 
fourth peak is the l’g exciton. 

6. CONCLUSIONS 4; 

We have seen that by using the relativistic 
mixed basis technique and a rather simple 
model potential results for the KI band 
structure may be obtained which are in good 
agreement with a wide range of current experi¬ 
mental evidence. A new interpretation of the 
optical absorption spectrum of KI is proposed 
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which avoids the weak points of the experi¬ 
mental interpretations of Phillips [ 1 ] and 
Onodera et at. [4, 5). In agreement with the 
results of Onodera[4,5] we show that the d- 
like conduction bands play a significant role 
in the fundamental optical absorption of Kl. 
We have also shown, in agreement with 
Phillips!11, that the F, conduction edge is 
essential in a satisfactory interpretation. We 
find that this F, level is a minimum whereas 
Phillips found it to be a maximum. 

We have also arrived at an interpretation 
of the Rbl spectrum which is similar to that 
advanced for the Kl spectrum. It has also been 
seen that the use of a stringent ‘muffin tin’ 
potential such as used by Onodera[4,5] 
produces a considerable distortion of the 
energy bands. 

It is suggested that calculations of the con¬ 
duction band density of states, and the inter- 
band density of states should be performed. 
An effort should be made using the theory of 
Page et at. (391 to test the connection of the 
F bands of the F-center with transitions from 
the F-center ground state to the conduction 
band, as the results of the present calculation 
are not in agreement with the simple F-band 
theory proposed by Baldini and Bosacchi[31], 

Acknowledgements - I he author wishes to thank Pro¬ 
fessor W. B. Fowler for several stimulating discussions. 
The author also thanks Mr. Y. Onodera for several dis¬ 
cussions relating to his calculation. He thanks Dr. Jo/.ef 
Devreese for a stimulating discussion relating to polaron 
theory. He also thunks Dr. D. Frohlieh and Ptofessor F. 
C. Brown for permission to quote from their unpublished 
works. Finally, the efficient computing facilities of the 
Courant Institute arc gratefully acknowledged. 


REFERENCES 

1. PHILLIPS J. G., Phvs. /fee. 136. A1705 (1964). 

2. HOWLAND L. P„ Phvs. Rev. 109, 1927(1958). 

3. EBY J. E., TEEGARDEN K. J. and DUTTON D. 
B.. Phvs. Rev. 116. 1099(1959). 

4. ONODERA Y., OKAZAKI M. and 1NUI T„ J. 
phys. Soc. Japan 21,2229 (1966). 


5. ONODERA Y. andTOYOZAWA Y..J. phys. Soc. 
J apart 12 . 833 ( 1967 ). 

6. NAKAMURA K., J. phvs. Soc. Japan 22, 511 

(1967). 

7. NAKAMURA K. and NAKAI Y„ J. phys. Sot. 
Japan 23,45 5 (1 967). 

8. FISCHER F. and H1LSCH R.. Nachrichten Akod. 
IViss. Gotingen, Math. Physik. Ktasse 241 (1959). 

9. BARRY KUNZ A., Phys. Rev. 151,620 (1966). 

10. ONODERA Y., J. phys. Soc. Japan 25,465 (1968). 

11. LYNCH D., and Brothers, Phys. Rev. Lett. 21. 689 
(1968). 

12. KUNZ A. B., FOWLER W. B. and SCHNEIDER 
P. M.. Phvs. Lett. 28A. 553 (1969). 

13. HERRING C.. Phys. Rev. 57, 1169(1940). 

14. KUNZ BARRY A . Phys. Rev. 175, 1147(1968). 

15. KUNZ BARRY A.. Phvs. Rev. 180,934(1969). 

16. SLATER J. C„ Phys. Rev. 81, 385 (1951). 

17. LATTER R..Phys. Rev. 99. 510(1955). 

18. UNDGRF.N \..Ark. Fvs. 31. 59< 1965). 

19. LIU L.Phvs. Rev 126,1317(1962). 

20. KUNZ A. B..Phys. Status Solidt 29, 115(1968). 

21. OYAMA S. and MIYAKAWA T.. J. phys. Sot. 
Japan 21.868(1966). 

22. DeCICCO P. D . Phvs. Rev. 153. 93 I (1967). 

23. Cl ARK T. D and KLIEWER K. I... Phys. Lett. 
27A, 167(1968). 

24 BOUCKAFRT L P, SMOLUCHOWSKI R. and 
WIGNER E.. Phvs. Rev. 50. 58 (1936). 

25 BEALL FOWLER W.. Phys. Rev. 132, 1591(1963). 

26. SI ATKR J C. and ROSTER G. F.. Phvs Rev. 94, 
1498(1954). 

27. I.ANGRETH D. C., Phvs. Rev. 159, 717 (1967). 

28. 1 EE T. D.. LAW F. E. and PINES D., Phvs. Rev. 
90.297(195.3) 

29. TFF.GARDF.N K. .1. and BALDINI G.. Phvs Rev 
155.896(1967). 

70. ROF.SS1.ER D. M. and WALKF.R W. J. opt. 
Sot. Am. SI, 677 (1967). 

31. BALDINI G and BOSACCH1 B.. Phvs. Rev. 166. 
863(1968), 

32. HOPFIF.l.DJ.J . WORLOCKJ. M. and PARK K.. 
Phys. Rev. Lett. 11. 414 (1963): HOPFIF.LD J. .1. 
and WORLOC K J. M . Phvs. Rev. 137A. 1455 
(1965). 

33. HODBY J. W.. BORDERS J. A.. BROWN E. C 
and EONER S.. Phys. Rev. Lett. 19, 952 (1967). 

34. BRIDGMAN P. W . Proc. Am. Acad. Arts Sci.. 64. 
19(1929). 

35. FROHUCH D. and STAGINNUS B., To be 
published; PARK J. K. and STAFFORD R. G. Phys. 
Rev. Lett. 22 . 1426(1969) 

36. FIJITA H.. GAHWILLER C. and BROWN F. C. 
Phys. Rev. Lett. 22. 1369 (1969). 

37. FROHL.ICH D. and STAGINNUS B., Phvs. Rev. 
Lett. 19, 496(1967). 

38. MF.NES M.. Bull. Am. phys. Soc. 14, 429 (1969). 

39. PAGE L. J.. STROZ1ER J. A. and HYGH E. H.. 
Phys. Rev. Lett. 21, 348 (1968). 



J. Phys.Chem. Solids Pergamon Press 1970. Vol. 31, pp. 275-282, Printed in Great Britain. 


DEPLACEMENTS LINEAIRES PAR UN CHAMP 
ELECTRIQUE DE LA RESONANCE PARAMAGNETIQUE 
ELECTRONIQUE DE ZnS/Mn 2+ 


C. MARTI 

Facuite des Sciences de Paris, 9 quai St. Bernard, Paris 5°, France 

et 

R. PARROT et C. ROGER 

Facuite des Sciences de Poitiers, avenue du Recteur Pineau, Poitiers, France 


(Received 1 February 1969; in revised form 6 June 1969) 


Abstract —We observe the electronic paramagnetic resonance of Mn 8+ substituted to zinc in zinc- 
blende and wurtzite during application of a.c. and d.c. electric fields. The lines of fine structure of 
wurtzite and of blende are linearly displaced. The components of the third rank tensor describing the 
-effect of external electric fields are R m ~R u[ = 0-14 g/kV/mm and = 0010 g/kV/mm for wurtzite 
and R — 0 09 g/kV/mm for blende. These values are to be related to thd variation of the S-Mn bond 
length. We also observe a change in absorption due to the influence of this variation on the spin- 
lattice relaxation. 


L’action d’un champ electrique sur un spectre 
de R.P.E. d’une impurete dans un ZnS doit 
etre relativement importante, car l’effet est 
lineaire: les sites ne presentent pas de centre 
d’inversion[l]; elle est simple, car il n’y a 
pas de sites relies par un centre d’inversion 
conduisant a un dedoublement apparent des 
raies. Nous avons choisi comme impurete le 
manganese (Mn 2+ substitue au zinc) dont les 
raies R.P.E. normales sont bien connues et 
bien resolues. Les experiences discutees ici 
ont ete brievement decrites dans [ 2 ]. 


1. RAPPELS SUR LE SPECTRE NORMAL 
L’hamiltonien de spin a employer pour 
Mn 2+ dans un site tetraedrique d’un cristal 
cubique (blende) ou hexagonal (wurtzite) est 




S 1 *- 


(£+ 11 ' 

3 


+ £[SV‘+S t < + V-W] 


avec z parallele a l’axe optique c de l’hex- 
agonal, 17 , £, </> paralleles aux cotes du cube, 
S = 5/2 le spin electronique, / = 5/2 le spin 
nucleaire, H le champ magnetique. 


Nous utiliserons les valeurs donnees par 
[3] qui correspondent bien a nos spectres: 

dans la wurtzite— g = 2,0018; D = —130,9 
I0' 4 cnr'; a = 7,35 10 -4 cm" 1 ; a~F — 
7,68 lO -'cm 1 ;/! =-64,9 10 "cm-’; 

et dans la blende — g = 2,0024; a = 7,87 
10 'cm ';/) =-64 10~ 4 cm" 1 . 

Nous avons etudie des cristaux poss^dant 
des parties cubiques et hexagonales (dont 
l’axe optique c etait parallele a un axe ( 111 ] 
du cubique). II est bon de remarquer que le 
spectre observe (Fig. la) montre un certain 
nombre de differences avec le spectre ideal, 
que semblent caracteristiques de 1 ’existence 
de contraintes internes: 

1. Les raies sont elargies non seulement 
par {’interaction spin-spin mais aussi par 
I’inhomogendte du champ cristallin comme le 
prouve 1 ’augmentation de largeur lorsqu’on 
passe des transitions centrales (—i ** i) (in- 
sensibles au champ cristallin) aux transitions 
de structure fine (± $ +* ± ?) et surtout 

(±i ±i). 

2. Les raies de structure fine sont asy- 
metriques. 

3. Le spectre de la partie cubique ne s’inter- 
prfete avec precision que si on introduit un 
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faible champ axial 




avec A = —10~ 4 cm" 1 . 

Nous retrouvons Ik un resultat de Schneider 
et al.[ 3] avec, simple coincidence, la meme 
valeur de A. 

4. Le spectre hexagonal fait appel, dans le 
cristal etudie, a \D\ — 133 10~ 4 cm -1 ; la 
difference avec la valeur donnee par 13] ne 
peut provenir d’une mauvaise orientation de 
notre cristal car elle serait alors superieure: 
la dispersion des valeurs de Dselon les cristaux 
correspond a celle de A. 

Notons aussi 1’existence de raies supple- 
mentaires d’origine inconnue. 


2. CONTRIBUTION D’UN CHAMP ELECTRIQUE 
EXTERNE A l’HAMII.TONIEN DE SPIN 

L’action d’un champ electrique externe est 
decrite par [6] 

,k — Ti)kE t S )H k 

et constitute par deux tenseurs T et R. de 
rang 3, symetriques par rapport au 2eme et 
3eme indice, c'est a dire analogues au tenseur 
piezoelectrique d. 

Les restrictions sur le tenseur d sont ob- 
tenues en considerant le seul groupe ponctuel 
du cristal (et non le groupe spatial). Ce groupe 
de symetries est possede par le manganese 
substitue au zinc et les restrictions sur d sont 
done applicables a R et T. 

Par la suite nous ne faisons plus figurer T 
qui se traduit par une variation de g. Cette 
variation n’est importante que si g differe 
beaucoup de 2,0023 ce qui n’est par le cas; 
experimentalement nous n’avons pas observe 
cette variation qui entrainerait un deplace¬ 
ment des raies centrales (£«->— 4). 11 n’y a 
pas de variation de A detectable non plus. 

1. La wurtzite 

Pour la wurtzite appartenant a la classe 
6 mm [4] le tenseur piezoelectrique d possede 
3 composantes independantes. Dans un 


systeme d’axes notds 1, 2, 3,1’axe 3 6tant pris 
parallelement a I’axe optique c et les axes 1 
et 2 etant contenus dans deux plans miroirs 
faisant entre eux un angle de 90°, d a sept 
composantes non nultes soit: Le tenseur R 
a une symetrie plus faible que le tenseur d 
dans le cas de la wurzite, mais on ntglige la 
4eme composante independante pu est 
nettament plus faible. 

<^333 

dz\\ ~ dwi 

di23 — d 2 32 = d[3l = d n3 

(a) Determination de R 333 -R 311 . Pour 
E//c, 1’hamiltonien est done de la forme 

W F = [R-mSJ + R^SS + SWE, 

= [(R 3M -Rm)S 3 2 +R m S(S+l)]E 3 

qui peut etre considere comme une modifica¬ 
tion de la constante de structure fine D. Si 
Tangle du champ magnetique avec le champ 
Etlc est 0 , on obtient immediatement le 
deplacement A H d’une raie de structure fine 
Ms -* Ms- 1 ; 

A H„ = (R 333 -/*«.) E ^--— - -) ( M s - 4) 

(b) Determination de R 22:) . Pour E 1 C 

k — Rwl-E-iiS'iSzA- S3S2) + Ei(S$Si + A1A3)] 

Dans le cas ou on prend H dans le plan ( E , c) 
il n’est pas necessaire de connaitre (’orienta¬ 
tion de E par rapport a un plan miroir et on a 

AH _L = sin 26'(M s -^) 

O' etant Tangle de H avec c dans le plan 

(E, c). 

Notons qu’on ne peut atteindre separkment 
R : ,33 et = R vn a 1’interieur du seul 
multiplet de Tetat fondamental. On adopte 
generalement la convention R^ + R 3i , -f 
R 322 = 0 correspondant a une position in- 
changee du centre de gravite du multiplet. 

2. La blende 

La blende appartenant a la classe 43 m (Td) 
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{4] le tenseur n'a qu'une composante inde- 
pendante d avcc[5] 

d ™ dj)£4>(= dr)d>£) — d£r)<t> 

— (d£tj>T)) = dd>T\l;(= d<b£r)) 


en le rapportant aux aretes du cube. Nous 
donnons sa forme dans des axes ‘hexagonaux’ 

(lT 0 ),( 112 ),(m): 


d-\x\ — 


2± 

V3 


dan — d'122 — ^ 

da u = daai ~ ~d\/i 
d.ai ( = data) ~ d-mi— d m ) — ~d/\' 3 


daa\(— dan) ~ d\/$ 


Les autres composantes sont nulles. 
four EH [1, 1, l]et HUE 





5(5 + 1) 
3 


E 


et A// = y/3ER{M s — {) 


3. APPLICATION D’UN ECHELON DE TENSION: 

MESURE DE ET DE R m DANS 

LA WURTZITE 

Le sulfure de zinc est un semi-conducteur 
dont la resistivite etait pour nos echantillons 
de I’ordre de 10 M fl/cm. Lorsque le cristal 
est isole des electrodes le champ y decroit 
done avec unc constantc de temps de quelques 
dizaines de secondes. 

La resistivite depend naturellement du 
cristal et de la temperature, mais aussi du 
champ et de son histoire electriques. En effet, 
a champ 61ev6, les phenom&nes d’avalanche 
se produisent conduisant a des conductibilites 
apparentes plus fortes et associes a des 
dipidgeages souvent irreversibles. 

Ainsi sur un autre echantiilon nous avions 
pu verifier la linearite du deplacement des 
raies de structure line hexagonales, le deplace¬ 
ment restant constant au cours du temps. 
Malheureusement au bout de quelques 


experiences la conductibilit6 a fortement 
augmente rendant la methode inutilisable. 

Nous avons done du appliquer un echelon 
de tension et observer les variations du 
phenomene au cours du temps. En particulier 
nous avons utilise un champ magnetique 
statique correspondant au maximum d’une 
raie au repos electrique et enregistre la derivee 
de I’absorption (donnee par modulation du 
champ magnetique a 100 kHz). A I’application 
de la tension, le maximum de la raie est 
deplace, et la derivee de 1’absorption n’est 
plus nulie; elle prend la valeur 8, puis decroit 
en quelques vingt secondes sans s’annuler 
completement. Si on coupe alors la tension 
on observe une variation S 2 de la derivee mais 
de signe oppose correspondant a un deplace¬ 
ment en sens contraire; elle decroit ensuite 
avec une constante de temps qui peut etre 
differente (Fig. 2). 



Fig. 2. Deplacement en fonction du temps de la raie 
hexagonale M, = — j. = —i (trace supirieure) el 

tension appliquee (trace inferieure). 

La variation du deplacement de la raie au 
cours du temps correspond a l’etablissement 
du champ depolarisant E t) a l’interieur du 
cristal; le champ interne est; 

E + E„ 

si E est le champ directeur applique. Nous 
avons constate que pour les raies isolees 
8 i = —8* et une variation lineaire de 8, et 
S 2 avec E pour les champs infSrieurs a 5 kV/ 
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mm. Nous en concluons qu’il n’y a pas de 
depolarisation 6tablie avec une constante de 
temps inferieure a celle de nos appareils (0,1 s): 
les valeurs du deplacement correspondant a 
8 , et S 2 sont bien dues h une variation du 
champ local E et — E. On obtient d’ailleurs la 
meme valeur avec un cristal non isole. 

Pour les raies isolees nous avons constate 
que la mesure du deplacement en fonction du 
temps donne le champ interne instantane 
interessant pour 1’etude du depiegeage par le 
champ electrique. 

Mesures 

En faisant varier, sans tension, le champ 
magnetique statique de facon a avoir la meme 
valeur 8, de la derivee de 1’absorption, on a 
une mesure du deplacement de la raie cor¬ 
respondant a un champ electrique donne. 
Cette methode s’applique bien aux raies de 
resonance isolees done aux raies de structure 
fine du Mn 2+ dans la wurtzite. Nous avons 
verifie que le deplacement des raies (±'i *-> 
±|) etait le double de celui des raies (±2 +» 

±i). 

(a) Avec E // c nous avons obtenue 

R :m —R an = 0.14g/kV/mm 

Une variation de 1'amplitude d’une raie hexa- 
gonale en fonction de Tangle rt des champs 
electriques et magnetiques (Fig. 3) est 
comparee a la variation theorique en (3 cos 2 
H— 1). Pour des angles compris entre 50° et 
80° la comparaison est rendue difficile par 
le dedoublement des raies hexagonales par 
les termes en a et F du champ cristallin, 
different pour les deux positions possibles 
dans la maille[3]. 

(b) Nous avons aussi mesure R 22i en pla$ant 
E 1 c et H H c 

Rin ~ 0,010 g/kV/mm 

Une variation angulaire pour H dans le plan 
( E , c) est representee sur la Fig. 4, elle 
correspond a celle prevue dans 2.1(b). La 



Fig. 3. Variation angulaire du deplacement de la raie 
hexagonale M, — M s — —i. Le champ Electrique 

est appliquE parallElement a Taxe optique du cristal. 
6 est Tangle formE par le champ magnEtique et le champ 
electrique. La courbe donne la variation thEorique. 



Fig. 4. DEplacement de 4 raies hexagonales, le champ 
electrique E est perpendiculaire a Taxe optique e, le 
champ magnetique est dans le plan (£. c). 8‘ est Tangle 
forme par le champ magnetique et Taxe c. 

superposition des raies ou leur dedoublement 
n’a pas permis de faire les mesures pour 
certaines valeurs de0'. 
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4. APPLICATION DUNE TENSION ALTERNATIVE: 

MEASURE DE R DANS LA BLENDE 

Les raies dc resonance de Mn 2 ^ dans la 
blende n’£tant pas suffisamment separees la 
methode prec^dente s’applique difficilement, 
on constate en effet que S 2 ^ 5,, en effet le 
dtplacement d’une raie est affecte par le 
d6placement des raies voisines. Nous avons 
prefer^ appliquer a 1’echantillon un champ 
dectrique alternatif sin qui doit donner 
d'aprex 2.2, si H est aussi parallele a c\ un 
deplacement de la raie 

A// = RE-s/MMs-i) sin a>t 

Avec le montage classique d’un spectrometre 
R.P.E. on obtient le meme signal (forme et 
intensite) que si on avait effectue une modu¬ 
lation du champ magnetique d’amplitude Crete 
a crete 2££V3(Af. v - 4). 

En determinant I’amplitude de modulation 
magnetique qui donne la meme hauteur de 
raie Crete a crete on a une mesure du deplace¬ 
ment. 

L’interpretation des raies hexagonales de 
structure fine sur la Fig. lb ne pose pas de 
probleme. Dans la partie cubique du spectre 
il y a chevauchement avec inversion de phases 
des raies. 

M s = J «-» Jet —'% *-* — ? ou — | «-* — J et 3 <-*• 3 

Dans le groupe hyperfin de champ faible 
(M — — f) les raies sont suffisamment separees 
pour que le spectre soit clair; on voit nette- 
ment que la transition centrale M s = £ *-* — £ 
ne subit pas de deplacement observable, la 
16g&re dissymetrie du spectre etant due a la 
dissymetrie du spectre normal (termes du 
3eme ordre). 

Les Figs. 5 et 6 donnent I’amplitude crete a 
crete des 4 raies cubiques et de 2 raies hexa¬ 
gonales en fonction de la tension. La variation 
est d’abord lineaire, puis on observe une 
saturation. Ce phenomene est du a une 
modulation trop grande car il s’observe aussi 
pour des modulations magnetiques equi- 


valentes. 11 est accompagne d’un elargissement 
des raies suffisant a 1’expliquer. 

Des parties lindaires on a d^duit [2] 

Ms 



Fig. 5. Amplitude cn fonction de la tension de 4 raies 
cubiques correspondant a M, = —8, ohtenues par modula¬ 
tion du champ electrique. 



Fig. 6,Amplitude en fonction de la tension de deux raies 
hexagonales correspondant kM,— —3. 
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i?V3 = 0,16g/kV/mm pour les raies cubi- 
ques. On peut donner aussi T < 10 -s G/kV/ 
mm. 

5. SINGULARITIES DANS LA REGION DES 
TRANSITIONS CENTRALES 

Dans les groupes hyperfins —i, 

on peut noter un signal pour le champ cor- 
respondant aux transitions centrales. Ce signal 
n’a pas la forme d’une derivee de raie: la 
symetrie par rapport au centre du groupe 
hyperfin est presque parfaite. 11 ne s’agit 
pas non plus de la superposition de derivees 
de raies dont les phases sont opposees: on 
peut verifier que Papparition d’un pic supple- 
mentaire au centre ne peut se produire ni avec 
des raies gaussiennes ni avec des raies 
lorentziennes. Ce signal ressemble done a 
une raie d’absorption; il y a non pas un 
deplacement de la raie, mat's une variation 
d’absorption sensiblement lineaire par rapport 
au champ electrique. 

Nous avons d’ailleurs observe directement 
cette variation de Pintensite des raies a 
Poscilloscope (demodulation a 100 kHz 
synchrone au champ magnetique et deploie- 
ment sur l’ecran cathodique a 20 Hz) et en 
faisant agir le champ electrique: les extremums 
des raies derivees se deplacent seulement 
verticalement de fa?on perceptible. 

Notoris enfin que Pasymetrie des raies de 
structure fine hexagonales est peut-etre due 
a la presence d’un signal proportionnel a 
l’absorption. 

Cette variation est de Pordre du % pour un 
champ de 1 kV/mm. Elle sembleetre maximum 
pour H II c et faible lorsque le deplacement 
des raies du au champ electrique est nul. 

6. DISCUSSION 

1. Dans la blende d-q^4> = —3,2 10 -12 MKSA 
[7]. L’application d’un champ electrique de 
1 kV/mm selon Paxe [111] correspond done 
& une compression relative de la maille dans 
cette direction de 1,8 10 s , donnant dans 
I’hamiitonien de spin un terme en 5 Z 2 de 
0,16 lO-’cm-*. 


Or dans la wurtzite la hauteur de la maille 
est [4] c = 6,260 A dans la blende la quantity 
correspondante est 

V = |aV3 

avec [4] a = 5,4093 A, soit ‘c’ = 6,246 A, 
ce qui correspond a une compression relative 
de la maille de 2 10 -3 , soit 1100 fois la com¬ 
pression due a une champ electrique de 1 kV/ 
mm. 

Le champ cristallin de la wurtzite donne un 
terme en 5 Z 2 de 130 10 -4 cm~' soit 800 fois 
le terme du au champ electrique precedent. 

La coincidence est remarquable. 

Evidemment la difference entre les mailles 
de la blende et de la wurtzite n’est pas 
reduite a une compression de la maille; dans 
la wurtzite le manganese occupe un site 
avoisine par quatre atomes de soufre pratique- 
ment equivalents a la precision des mesures 
de diffraction X existantes, alors que dans le 
cas duplication d’un champ electrique les 
sous-reseaux des cations et des anions 
executent certainement un rnouvement relatif 
d’un par rapport a l’autre. 

Nous interpretons cette coincidence comme 
le fait que e’est essentiellement la distance 
manganese-soufre qui est le parametre 
important. 

2. L’existence d’un champ axial dans les 
parties cubiques du cristal correspond a des 
contraintes internes equivalentes a des champs 
de 10*V/cm, e’est a dire des distorsions 
moyennes de 10 -4 , valeur tres acceptable dans 
nos cristaux. 

3. L'action du champ electrique sur les 
transitions (-4, 4) peut etre due soit a une 
variation des probabilites de transition soit 
a une modification du temps de relaxation. 

Une variation des probabilites de transitions 
peut etre due a une modification du melange 
avec les autres etats Zeeman ou des etats 
excites du cristal. 

On sait qu’il y a effectivement melange des 
etats Zeeman de I’etat fondamental dfi au 
champ cristallin axial de la wurtzite, con- 
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duisant k des transitions interdites A M s = I, 
AM/ = ±1 [8] ou AM S = 2, A M, = 0, ±1[9], 
Mais Ic melange cst surtout important iorsque 
Ic champ magnitique n’est pas parallkle a 
I’axe optiquc] 10J. L’action d’un champ 
6lectrique parallele a cet axe donnerait la 
mime dependance k l’intensite vis a vis de 
rorientation du champ magnetique que le 
champ cristallin axial, dependance tout a fait 
diffgrente de celle que nous avons observee. 
Par ailleurs elle serait en (eER/gpH) 2 soil 
pour un kV/mm environ 10" 5 ce qui est 
nettement insuffisant pour rendre compte 
du phenom&ne. Quant a la variation de 
l’admission des etats excites, elle est en 
(ERIVrrV OU V cr est relie au champ cristallin 
et vaut quelques dizaines de milliers de ciTr 1 , 
soit 1O -8 pour le champ electrique externe. 

Les transitions dipolaires electriques ne 
sont pas a considerer d'une part parce que 
I’lchantillon est dans une region de la cavite 
oil le champ electrique hyperfrequence est 
nul, d'autre part parce que T est petit [11]. 

L’effet est done a rechercher essentielle- 
ment du cote de la variation du temps de 
relaxation. Nous avons effectivement con- 
stat£ que 1’effet depend de la puissance 
hyperfrequence de fa<;on correcte qualitative- 
ment. La couplage spin-r6seau, dans la 
mesure oil I’hybridation des orbitales est 


importante, doit etre tres sensible aux dis¬ 
tances interatomiques et 1’ordre de grandeur 
devient acceptable. 

Nous ne possedons malheureusement pas 
de cristaux de wurtzite sans parties cubiques, 
dopes au manganese qui permettraient 
d’approfondir en particulier la dependance 
angulaire de la relaxation. Nous essayons 
d'utiliser des cristaux de ZnO meilleurs sur 
le plan de la monocristallinite mais possedant 
une conductivity genante. 
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Abstract—The anomalous ultrasonic attenuation in MnFj was measured near the N6el temperature, 
T N . The measurement was carried out for the [100] longitudinal waves over the frequency range of 
10-110 MHz. A log-log plot of the attenuation coefficient vs. |T— T v | could not be described by a 
single power-law stage. For the most linear part of this log-log plot, the attenuation coefficient, o, was 
written as a ~ <u"|r— r v |~*, where oj is the angular frequency of the sound; r) = 0-14±0-01 and 
n = ]*6±0'I for 7" > T K , whereas t; decreases with increasing frequency for T < 7V An anomalous 
behavior of the attenuation was found in the immediate vicinity of T N in the paramagnetic phase, where 
the slope of the log-log plot decreases as the sound frequency increases. Possible explanations will be 
given for these results. 


1. INTRODUCTION 

Ultrasonic studies, both of the attenuation 
and the velocity measurements, have attracted 
much attention as useful ways to investigate 
the dynamical aspect of the critical fluctuation 
associated with the second-order phase 
transition. In the case of magnetic transitions, 
the sound waves are more attenuated as the 
temperature approaches the critical point, 
where the spin fluctuation grows and the char¬ 
acteristic relaxation time of the fluctuation 
slows down. The change of sound velocity is 
also worth measuring since the sound velocity 
and the attenuation coefficient should be 
related to the real and the imaginary parts of a 
response function for an alternating stress and 
strain, and one can get an information on the 
relaxation time of the phenomenon. 

Several theoretical treatments [ 1-9] have 
been published concerning the sound attenua¬ 
tion near the magnetic transition point. On 
the other hand, several experimental investi¬ 
gations have also been carried out (in MnF 2 
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[10-12], RbMnF 3 [13,14], EuO[14], rare- 
earth metals[15,16], and CoO[17]), showing 
good agreement with the theoretical predic¬ 
tions in some cases and poor agreement in 
other cases. It appears that more results of 
careful experiments are needed to predict a 
general trend of the present phenomenon. * 
This paper reports experimental results in 
MnF 2 , a material regarded as one of the 
standards in the study of the critical phe¬ 
nomenon and one for which many properties 
have been measured] 19]. A quantitative 
measurement of the sound attenuation was 
first made by Neighbours and MossflJ], for 
the [NO] and the [001] longitudinal waves. 
The present work was carried out for the 
[100] longitudinal waves, with a great care 
applied to the question of the tempera- 


•Liithi et al.[ 18] have recently proposed from their 
investigation in rare-earth metals that the attenuation 
measurements in anisotropic materials arc better under¬ 
stood by the theoretical predictions than are those in 
isotropic ones. However, the present author has still 
found a discrepancy between theory and his experi¬ 
mental result in FeF,[23], a strongly anisotropic anti- 
ferromagnet. It seems that detailed considerations have to 
be paid to the actual interaction between spins to make 
clear the cause of the discrepancy. 
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lure gradient within the specimen and of 
the accuracy of the attenuation measure¬ 
ment, which revealed a number of new facts 
and also makes the present result the most 
reliable among those so far obtained in MnF 2 . 

2. EXPERIMENTAL PROCEDURE 

A single crystal of about 10 X 10 X 10 mm in 
size was obtained from Semi-Elements, Inc. 
The crystal was oriented crystallographically 
by X-ray technique with an accuracy of 0-5°. A 
pair of the [ 100] surfaces was then polished 
sufficiently flat and parallel for the ultrasonic 
study. 

In this experiment, the specimen was 
mounted in a massive copper block and the 
block was set in a vacuum can immersed in a 
liquid nitrogen bath. The liquid nitrogen was 
always pumped and kept at its triple point 
temperature, 63-2°K, during the measurement. 
The specimen was then heated up by a heater 
coil wound around the copper block. The 
temperature of the specimen was measured 
with a platinum resistance thermometer which 
had been calibrated and was embedded in the 
copper block. 

The absolute accuracy of the measured 
temperature was about 0 02°K. However, of 
much more importance here are the relative 
accuracy of the temperature and the elimina¬ 
tion of the temperature gradient within the 
specimen. We could achieve a measurement 
of temperature change as small as 0 (KK)5°K. 
The temperature gradient in the specimen 
appeared to depend primarily on the rate of 
the temperature change in this case. Due to 
the results of preliminary tests, we changed 
the temperature at the rate of 0 1°K per hr, 
especially in the range of Th±05°K. This 
means that the temperature difference 
between any two points in the specimen was 
less than about 1 millidegree K. 

The present measurement of the attenuation 
was made by the usual pulse-echo method. A 
combined system of the Matec’s Model 
PR-201 and Model 2470 was used, and the 
character of the entire amplifier system was 


respectively checked for every frequency 
used here. This procedure was found to be 
for such a delicate experiment as 
the present one and a mere calibration of the 
IF amplifier was unsatisfactory. Furthermore, 
the attenuation variation, which was recorded 
simultaneously with the temperature change 
on a multi-point recorder, was converted to 
the attenuation coefficient in the unit of dB/ 
fiscc or dB/cm by the use of an exponential 
decay oscillator at more than 15 different 
temperatures during an experimental run. The 
relation between the recorded value and the 
attenuation coefficient was always found to be 
satisfactorily linear. The time constant of the 
exponential decay was carefully calibrated, 
and then the absolute accuracy of the attenu¬ 
ation coefficient is considered to be better 
than 001 dB/cm.* 

In the present work, only the attenuation 
associated with the second-order phase trans¬ 
ition concerns us, so the remaining attenuation 
should be subtracted as a background com¬ 
ponent. The determination of the background 
level might introduce some error in the final 
result. The present author deduced the level 
by extrapolating the behavior of the attenu¬ 
ation coefficient in the temperature range from 
20 to 30°C or more above T N . The level then 
was assumed to be constant over the entire 
temperature range of concern. Since the 
attenuation did not seem to rise linearly, for 
example, as the temperature was lowered, we 
do not have any positive reason of using a 
temperature-dependent residual attenuation 
in the present case[24). 

3. RESULTS 

Figure 1 shows a typical example of the 
variation of the attenuation as a function of 

‘The attenuation coefficient described here contains 
both the magnetic and the residual parts. Since we intro¬ 
duce a certain amount of error when we determine the 
level of the residua! attenuation, the absolute accuracy of 
the magnetic part of the attenuation should be considered 
to be approximately 0 05 dB/cm in the present case. 
Nevertheless, this experimental error little affects the 
values of i) and n. 
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Fig. 1. Critical attenuation of 30 MHz longitudinal waves 
propagating along the [ 100] direction in Mn F 2 . 


temperature. Figures 2 and 3 are log-log plots 
of the attenuation coefficient vs. T—T N and 
e = \T — T s \IT n for various frequencies. 
Clearly, there are more than one stage in these 
plots in both paramagnetic and antiferro¬ 
magnetic phases. From the present result 
alone, we cannot determine whether or not the 
crossover temperature between these stages 
depends on the frequency in a systematic 
manner. 

Let us take here a usual power-law formula, 
a ~ u>”\T-T x \~" (1) 


where &> is the angular frequency of the sound, 
and n and 17 are the characteristic parameters 
to be compared with theory. Table i summar¬ 
izes values of 17 deduced from the most linear 
part of the plots in Figs. 2 and 3. We could not 
deduce reliable values of 1 r) for any other 
possible stages of the plots. For T > T s , the 
value of 17 seems to be independent of fre¬ 
quency with an average value of 0*14 ±0*01. 
On the other hand, 17 has a smaller value for 
higher frequency when T > Tn, and is practi¬ 
cally constant for 70, 90 and 110 MHz. The 
attenuation coefficient is also almost constant 
even for T > T N if the frequency is high 
enough and the temperature is close enough 
to T„. 


Table 1. Values of r)for the [100] longitu¬ 
dinal waves in MnF 2 


Frequency 

(MHz) 

vforT > Tn 

t; for T < Tn 

10 

0 13„ 

0-090 

30 

0 13, 

0 067 

50 

013, 

0-020 

70 

0 12, 

0-005 

90 

015„ 

0-004 

110 

0 15, 

0-004 

Average 

014±001 



€ 



Fig. 2. Temperature dependence of the attenuation coefficient of the 
(100] longitudinal waves for T > T, v . H—10MHz. O-30MHz. 
• — 50 MHz. x—70 MHz, V —90 MHz, ▼ — 110 MHz. 
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Hg. f Temperature dependence of the attenuation co¬ 
efficient of the 1100| longitudinal waves for T < T. v . +- 10 
MHz. O-30 MHz. • - 50 MHz. x- 70 MHz. V-90 MHz. 
T-110 MHz. 


The frequency dependence of the attenu¬ 
ation obeying the power law is also important. 
Figure 4 is the plot for T > T v , and the value 
of n in equation (1) is l-6±0 1. A comparison 
is given of the present result with other ones 
in Table 2. 


4. DISCUSSION 

The value of 17 obtained here for the para¬ 
magnetic phase is 0-14, which does not agree 
with the previous value, 0-53, obtained by 
Evans [11] for the same crystallographic 
situation. The discrepancy might arise be- 



Fig. 4. Frequency dependence of [he attenuation for T > 7\ in 
MnF a . The temperature difference. 47 = T- T v . is indicated in the 
figure. 
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Table 2. Attenuation in MnF 2 


Investigator 

Wave 

propagation 

Frequency 

range 

(MHz) 

T>T„ 

T<T„ 

Peak height 
at 30 MHz 
(dB/cm) 

V, 

n 

tj ,.n 

Present author 

[100] 

10-110 

0-14 ±001 

1-6±01 

* 

2-7 

Evans [12] 

[100] 

10-50 

0-53 

2 

0-29 2 

8 

Neighbours and 

[110] 

10-70 

0-38 

t 


086 

Mossfl 1] 

[001] 

10-70 

O'42 

t 

018 t 

3'5 


•The value of tj depends on sound frequency. See Table 1. 

tThey compared the peak height to deduce n, which should therefore be rechecked. 


cause Evans would not measure the variation 
of the attenuation coefficient up to a tempera¬ 
ture far enough from T N to determine the 
residual attenuation. Although the most 
important temperature range for determining 
the values of r\ would be approximately 
7. V ±2°K, we may get a va' je even three times 
as large as the present me if we would take 
the magnitude of the attenuation coefficient at 
several °K above T v as the level of the 
residual attenuation. It should be worth noting 
here that I lithi et a/.[18] have also obtained 17 
equal to 0-2 for the [ 100 ] longitudinal waves 
[24], 

As is seen in Table 2. there is another large 
difference between the present result and the 
one by Evans, namely, the difference in the 
peak height of the attenuation. A theory of 
Tani and Mori [ 8 ] predicted that the ratio of 
the attenuation coefficient for the [ 001 ] 
longitudinal waves to that for [ 100 ] in anti- 
ferrornagnets of the rutile structure is given by 

o[ 00 l]/a[ 100 ] - {danJ’lJ^r, (if 

where c and a are the lattice parameters 
along the z- and x-axis respectively, and 
J' z — dJ/dz and J' r — dJ/dx with J as the most 
predominant, antiferromagnetic exchange 


•Equation (2) can also be derived considering that the 
attenuation coefficient is proportional lo the square of the 
coupling strength between the spin system and the sound 
waves multiplied by the number of the exchange inter¬ 
actions which are affected by the sound waves. 


interaction between a spin at ( 0 , 0 , 0 ) and the 
one at (4,4,4). In MnF 2 , a = 4-87 A, c = 3-31 
A. and \J' 2 IJ' X \ was estimated[ 8 ] as 2T from 
the experimental result by Benedek and 
Kushida[20].f Therefore, the above ratio of 
the attenuation coefficients should have the 
value of about 2. From this reason, the peak 
value by Evans, much larger than the value 
for [001] in Table 2, seems to be in some 
doubt. 

The present value of tj does not seem to be 
explained by existing theories, all of which 
predict much larger values. For example, a 
group of theories [1-5, 8 ] have given the value 
of T) equal to 5/3 for the isotropic antiferro- 
magnet and 3/2 for the anisotropic antiferro- 
magnet. In these theories, the four spin 
correlation function is factorized into a pro¬ 
duct of two pair correlation functions. Since 
the fluctuation becomes larger, this factoriz¬ 
ation should be invalid close to T N . On the 
other hand, Kadanoff[9] has predicted the 
value of tj equal to I and 4/3 for the isotropic 
and the anisotropic antiferromagnets respec¬ 
tively, where the perturbation treatment was 
made for the decay rate of one sound wave 
into two, three or four other sound waves 
together with the scaling law concept. 

The systematic breaking away of the experi¬ 
mental points from the linear variation for 

tThe present author and his co-worker[21J have 
recently obtained that \J',1J'A = 2-7, from the anisotropic 
anomalous change of sound velocity near T N being based 
on a theoretical treatment. 
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larger t in Fig. 2 suggests another power-law 
stage having a larger 17. The larger value of 17 
may crudely be deduced as 0-7 ± 0-2. We may 
explain that the breaking-away temperature 
of the stage corresponds to the temperature 
difference at which the anisotropic energy in 
MnF 2 is just overcome by thermal energy. If 
we use a value of 3 x 10" 2 as the anisotropic 
factor in MnF 2 ( 18], the estimated temperature 
difference is 2°K, which coincides with the 
observed result. However, the value of the 
critical exponent is larger for T — 7 V =*■ 2°K, 
which appears to contradict the trend of the 
above theoretical prediction by Kadanoff. 

The attenuation coefficient in the paramag¬ 
netic region has a frequency dependence 
weaker than m 2 in this material, at least for the 
[ 100] direction. This means that one or more 
mechanisms predominantly determine a rather 
long effective relaxation time r, then the pro¬ 
duct o)t has a magnitude not far below unity, 
making the frequency dependence weaker. 
Such a frequency dependence has also been 
observed in CoOf 17]. From the present result 
alone, we cannot determine the actual process 
or processes which give this slow relaxation. 
Direct interaction between spin system and 
the lattice might be a possibility, as in the 
theoretical treatment recently given by 
Kawasaki (22J. 

The anomalous behavior of the attenuation 
in the immediate vicinity of 7 v in the para¬ 
magnetic phase should also be noted. This 
anomaly occurs in the temperature range of 
T— T s 7 = 2 x 10~ 2 °K, where the slope of the 
log-log plot decreases as the sound frequency 
increases, and the attenuation coefficient is 
almost flat for 70 MHz and higher. We can 
roughly estimate the spin fluctuation frequency 
as/, = ( k H T N lh)( x for the case in which spin 
diffusion determines the process, where h is 
the Planck constant and e T is the factor 
expressing the critical siowing-down effect. If 
we take x as 4/3 according to a treatment by 
Kawasaki [7], then f, ~ 2-8 x 10 7 for T — T N — 
2 x 10-*°K. Therefore, we can conclude here 
that the spin diffusion process is the mechan¬ 


ism responsible to the attenuation in the 
range of T- Tg ^ 2 X 10 ' 2 °K, whereas another 
mechanism becomes more responsible instead 
of the spin diffusion process at temperatures 
further away. A thorough investigation of 
determining the relaxation time should be 
much desirable to elucidate the actual 
mechanism which determines the attenuation 
coefficient of such a small critical exponent as 
obtained in this work. 
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24. The author has recently made a computer calculation 
to deduce the level of the residual attenuation as well 
as the attenuation of the magnetic part. The computer 
calculation based on the raw data for 30 MHz, for 
example, gave us the following results: 

a = a + b(T —70 0)1) for T> T N 
V 


with 

a = + (0-804 ± 0-007) dB/cm, 
b=— (0004S6± 0 00003) dBicrn'K., 

T» = + 0-1357 ± 0-0044. 

This clearly means that the temperature coefficient 
of the residual attenuation is very small and also the 
value of rj mentioned in my paper is surely correct. 
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CHALEUR SPECIFIQUE ELECTRONIQUE ET 
SUSCEPTIBILITE MAGNETIQUE DES CARBURES DE 
TRANSITION HEXAGONAUX DE FORMULE M 2 C 

R. CAUDRON, F. DUCASTELLE et P. COSTA 
O.N.E.R.A.-29, Avenue de la Division Leclerc, 92 Chatilion. France 


(Received 19 March 1969; in revised form 24 July 1969) 


Rfesumfe — Les chaleurs specifiques electroniques des sous-carbures hexagonaux de vanadium, de 
niobium et de molybdfene, ainsi que celle du compose (V-Mo)C ont ete mesurees. Elies donnent les 
valeurs suivantes du coefficient y: V,C: 2,26 mJ/°K‘ mole; Nb 2 C: 1,47 mJ/°K’ mole; (Mo-V)jC; 3,16 
mole; Mo 2 C; 3.26 mJ/°K* mole. Ces resultats semblent indiquer I'existence d’un minimum de 
la densite d'etats pour un nombre d'electrons par atome un peu inferieur a celui des composes de la 
cinquifeme colonne, sans doute homologue a celui que 1'on observe pour les metaux cubiques centres 
(VIfeme colonne) et les carbures cubiques faces centrees (lVfeme colonne), et qui correspond peut 
etre au remplissage de la partie 'liante' de la bande d Le susceptibilite magnetique de ses composfes 
a ete egalement mesuree et discutie. 

Abstract—Specific heats of vanadium, niobium and molybdenum hexagonal hemicarbides and of a 
(V-Mo)C compound have been measured. They give the following values for the y coefficient: V,C: 
2,26 mTK 2 mole; Nb 2 C: 1,47 mJfK 2 mole; (Mo-V) 2 C: 3,16 mJ/’K 2 mole; Mo 2 C; 3,26 mJfK 1 mole. 
These results probably indicate the existence of a minimum of the density of states, vs. the electron 
concentration, located just before the fifth column. This minimum would be homologous to those 
which have been observed for the b.c.c. metals (sixth column) and the f.c.c. carbides (fourth column), 
and might correspond to the filling of the binding part of the d band. This paper also includes measure¬ 
ments of the magnetic susceptibilities of these compounds, and a discussion of their origin. 


1. INTRODUCTION 

L’htude des carbures cubiques a faces cen¬ 
trees des metaux de transition a montre (’exis¬ 
tence d’un minimum de la densite d’etats au 
niveau de Fermi au voisinage de la IVeme 
colonne > (Ti, Zr, Hf). Certains auteurs 
[1-3], oht associe ce minimum au demi- 
remplissage d’une bande d, analogue a celui 
qu’on observe pour les metaux eux-memes. 
Cette hypothese implique un accroissement 
du nombre des etats d occupes pour chaque 
atome. Si elle est correcte, on peut s’attendre 
a voir apparaitre un minimum analogue au 
voisinage de la Verne colonne pour les sous- 
carbures de formule M 2 C. Nous avons done 
cherche a determiner les densites d’etats de 
ces composes a partir de la chaleur speci- 
fique a basse temperature et de la suscepti¬ 
bilite magnetique. 

Les carbures de formule M 2 C des Verne 
et VIeme colonnes ont, on le sait, une struc¬ 
ture cristallographique hexagonale, ou tout 


au moins une structure tres voisine. Ceux de 
la IVeme colonne sont, au contraire, des 
varietes a faible taux en carbone des phases 
MC de structure NaCl. Dans le present 
travail, nous nous sommes limites a la 
premiere famille, de facon a eviter des 
phenomenes trop complexes lies a la structure 
cristalline. Nous avons done prepare les 
carbures V 2 C, Nb 2 C, Mo 2 C. Nous avons en 
outre cherche a preparer des composes mixtes 
du type (A,B) 2 C. 11 eut ete evidemment pre¬ 
ferable de choisir des composes intermediaires 
de deux metaux appartenant a la meme 
serie de transition; malheureusementl4], les 
composes mixtes de type (Mo, Nb) 2 C sont 
instables vis a vis du melange (Mo, Nb)C + 
(Mo, Nb) en raison de la tres forte variation 
d’enthalpie associee a la reaction correspon- 
dante. Par contre, il nous a et6 possible de 
preparer des composes mixtes (Mo, V) 2 C 
pour tout le domaine de composition. La 
situation est, dans ce cas, plus favorable, car: 
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(1) Le carbure de vanadium a une energie de 
formation moins elevee que le carbure de 
niobium (28 au lieu de 33,7 kcal/mole). (2) 
Les rayons metalliques du vanadium et du 
molybdene sont plus proches. 

2. PREPARATION DES ECHANTILLONS 

Les echantillons ont ete obtenus par reac¬ 
tion 11700°C sous vide de poudres compactees 
de mEtaux ou d'hydrures metalliques et de 
graphite dont les taux d’impuretes etaient 
infEricurs a 0,07 pour cent. I Is ont Ete en- 
suitc broyEs et homogeneises au cours d’un 
frittage final ^ 1900°C. 

Les diagrammes de rayons X (Debye- 
Scherer, raie Ka du cuivre) sur le carbure 
de molybdene et le carbure mixte de vanadium 
et de molybdene ont montre que les corps 
formes etaient bien les phases hexagonales 
M 2 C. Nous en donnons les parametres: 


Mo-V-C 

MojC 

u:2.9535 + 0,00l A 

3,007 + 0,001 A 

e:4,645 ±0,002 A 

4.729 ±0,002 A 


Ces valeurs sont en bon accord avec celles 
de la bibliographie[5,6], En ce qui concerne 
MojC, notre Echantillon se situe bien sur 
les courbes parametres-composition fournies 
par Rudy[7] (Fig. 2). Sa composition effective 
serait done de 32 pour cent en carbone (ce 
qui correspond a MoC, M(t )- 
On sait que des distorsions orthorhombiques 
des carbures V 2 C et Nb 2 C ont ete recemment 
observes [8]. Nous avons bien retrouve ce 
phEnomene. En ce qui concerne Nb 2 C, la 
phase orthorhombique subsiste pour des 
Echantillons dont le rapport nominal x = 
C/Nb (en atomes) varie de 0,4 a 0,5 environ; 
les rayons X rEvelent en outre la coexistence 
de la phase orthorhombique et du Nb metal. 
Nous avons au contraire constate la coexis¬ 
tence de la phase non distordue et du carbure 
NbC dans un Echantillon dont la composition 
nominale correspond a x — 0,54. 

C’est sur ce dernier Echantillon qu'a porte 


T 

> 



Fig I. Diagrammc CpIT cn function dc T* ( Cp . chalcur 
specifique molaire) pour V 2 C. (Mo-V) 2 C, Mo 2 C et Nb 2 C. 


la mesure de chaleur specifique. Les para¬ 
metres sont: 


Nb 2 C distordu Nb 2 C non distordu 


c = 2.87 + 0.01 A c= 3.095 + 0.001 A a = 3,126±0.001 A 
b= 4,57 ±0.01 A b = 4.967 + 0,001 A c = 4,971 ±0.001 A 
" = !0.25±0.03Au = 10,904 + 0,003 A 


L analyse des gaz (extraction par fusion- 
reduction sous helium, analyse des gaz 
extraits par chromatographie en phase 
gazeuse)[9] a donne pour un echantillon- 
type de Nb 2 C: 

O 2 :270 p.p.m.±50 
N 2 :l lOp.p.m. ±20 
H :35 p.p.m. ± 10 
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Fig. 2. Courbes parametres-composition (d'apres Rudy [7]) 
situant noire echantillon de Mo 2 C et celui de Toth [15] dans 
le systeme Mo-C (en abcisse. la concentration atomique 
en carbone). 


3. MESURES 

(1) Les chaleurs specifiques a basse tempe¬ 
rature ont ete mesurees sur un calorimetre 
adiabatique de type Nernst[10], analogue 
a celui qui a ete mis au point par Conte [I I], 
Donnons rapidement les principales carac- 
leristiques de cet appareil: 

(a) Le refroidissement de I’echantillon a la 
plus basse temperature (1,5°K) se fait par 
gaz d’echange, sauf pour la mesure portant 
sur Nb 2 C, oil nous avons utilise un nouveau 
calorimetre, equipe d’un contact mecanique, 
qui nous debarrasse des effets de desorption, 
(b) L’ecart de temperature entre l’echantillon 
et l’ecran qui 1’entoure, et sur lequel sont 
bobines tous les fils de connexion qui y 
aboutissent, est maintenu constant a 0,02°K 
pres. La regulation est assuree par une chatne 
comprenant un thermocouple differentiel 
Au-Fe (5 /aV par °K), un amplificateur a 
faible bruit (< 0,1 fxV) et une unite d’asser- 
vissement lineaire CAT (Leeds et Northrup). 
L’action corrective est obtenue par effet 


Joule degage sur 1’ecran. Cet ensemble est 
analogue a celui utilise par Bonnerot[12] 
sur son calorimetre. Malgre de multiples 
precautions, une certaine quantite de chaleur 
est encore transmise par conduction a l’echan- 
tillon. Pour la compenser, il nous a fallu 
imposer un desequilibre constant de tempe¬ 
rature entre I’echantillon et l’ecran. (c) 
La puissance destinee a accroitre la tempera¬ 
ture de 1’echantillon est degagee par effet 
Joule. Les mesures de tension et de courant 
sont effectuees a I’aide d’un voltm^tre 
numerique DYMEC de resolution± 1 ix\. 
La determination de la chaleur specifique 
se fait par chauffage pulse et Ton suit revolu¬ 
tion des temperatures d’equilibre avant et 
apres chauffage, afin d’en deduire l’accroisse- 
ment de temperature, (d) La temperature est 
mesuree par une sonde au germanium dope, 
etalonnee au miilidegre par le NBS. Ce 
thermometre est traverse par un courant 
tare, et la tension aux bomes est mesure 
par le voJtmetre numerique qui sert a deter- 
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miner la puissance dissipee. (e) Pour le 
calorimitre a gaz d’echange, qui a servi aux 
mesures sur Mo 2 C, V 2 C, (Mo-V) 2 . a 
suspension de I'echantillon etait realisee a 
I’aide de boucles de constantan maintenues 
par le fil de chauffage. Ce dernier etait enroule 
directement sur I’echantillon, et le tout etait 
consolid£ par du vemis. Nous utilisions egale- 
ment du vemis pour maintenir le thermometre 
dans un trou menage a cet effet dans 1 echan- 
tillon. Cet assemblage etait modifie a chaque 
experience, ce qui entrainait une non-repro- 
ductibilite de la chaleur specifique des acces- 
soires (attributable surtout au vemis. isolant 
organique a forte chaleur specifique de reseau, 
dont la quantile etait difficilement control- 
able). Le calorimitre a contact mecanique qui 
a servi a effectuer la mesure sur Nb 2 C, est 
iquipe d’un porte-echantillon, (de chaleur 
spicifique importante, mais absolument fixe) 
sur lequel sont enroules definitivement tous 
les bobinages, et ou le thermometre est installe 
a demeure. Le contact avec I’echantillon est 
assure par le serrage d’une vis de pression. 
Les mesures de chaleurs specifiques ainsi 
obtenues sont beaucoup plus fideles. surtout 
en ce qui concerne le terme de reseau. (f) 
Les mesures ont ete effectuecs entre 1,5 et 
9°K sur le colorimetre a contact mecanique. 
Sur le calorimetre it gaz d’echange, les desorp¬ 
tions observees en dessous de 4°K ont rendu 
inutilisables les resultats correspondants.Tou- 
tefois, il nous a ete possible de distinguer la 
transition supraconducteur-normal de Mo 2 C. 


(2) Les susceptibilites magnetiques ont ete 
mesurees entre 77°K et 1’ambiante a l’aide 
de la balance mise au point par Ducastelle 

f 13]. 

4. RESULTATS 

Nous avons reproduit a la Fig. 1 les valeurs 
de C„/T en fonction de T 2 , deduction faite 
d’une valeur moyenne de la chaleur specifique 
des accessoires. Nous donnons en outre dans 
le Tableau 1 les valeurs du coefficient y 
associe a la chaleur specifique electronique, 
ainsi que les valeurs de la temperature de 
Debye. 

Sauf pour Nb 2 C, la precision sur ff D n'est pas 
tres bonne. Les valeurs de sont en eflfet 
tres elevees, ce qui implique de faibles val¬ 
eurs de a done des erreurs relatives impor- 
tantes.d’autant plus que la non-reproductibilite 
du dispositif de suspension affecte surtout la 
chaleur specifique de reseau. 

La difference entre la mesure actuelle sur 
Nb 2 C et celle que nous avons citee a Enschede 
resulte en partie de l’amelioration apportee 
grace au porte-echantillon. II semble toutefois 
que les differences observees soient significa- 
tives et qu’elles doivent etre reliees a la 
difference de structure cristalline: hexagonal 
non distordu (cet article) et orthorhombique 
(Enschede)114). 11 ne nous a malheureusement 
pas ete possible de refaire l’experience sur 
la totalite de I’echantillon d’Enschede qui 
a ete partiellement detruit. Elle a toutefois 
ete refaite sur la partie restante (7 g environ) 


Tableau 1 




NhjC 


V 2 C 

(Mo ,V),C 

Mo 2 C 

ylmJ/molc °K S ) 

1,47 ± 

1% 

3.16 ±5% 

3.16 ±5% 

2.93 + 5% 

% 

(°K) 


10% 

490 ± 20% 

468 + 20% 

531 + 20% 




\ 

a = i ,941 <l„ 

VI°K< mole) 



on a C„ = 7 r + «T 3 avec 


7 = 2.355 N(£,Mm.l/°k 2 mole) 

/V (/•;, ) en elats/eV pour I'ensemhledes 
etats de spin cl par atome de metal. 
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et elle semble confirmer la difference citee 
plus haut. 

On peut egalement penser que les differ¬ 
ences observees entre nos mesures et celles 
de Toth sur Mo 2 C[15] ont la meme origine; 
la comparaison des diagrammes de Rudy et 
des parametres cites par Toth laisse penser 
que l’echantillon de ce dernier est un melange 
de phases hexagonale et orthorhombique 
(voir Fig. 2). 

Les susceptibilites magndtiques sont 
donnees dans le tableau suivant: 


NbjC 

V 2 C 

Mo 2 C 

MoVC 

(non distordu) 




X(en 10' 6 u.e.m. 38,5 

176,8 

25.3 

77,3 

/mole) 





Ces susceptibilites ne dependent pratique- 
ment pas de la temperature, sauf pour Nb 2 C 
ou I’on observe une Iegere croissance avec 
la temperature. 

5. DISCUSSION 

Les coefficients de chaleur specifique elec- 
tronique obtenus sur nos echantillons sont 
portes a la Fig. 3, ainsi que ceux de Costa 
[1] sur Sc C, TiC, VC, TaC et ceux de Morin 
et Maitaf.l 6] sur les metaux purs de la seconde 
serie de transition. On peut remarquer que 
la chute de y de Mo 2 C a Nb 2 C est plus rapide 
que la variation observee de Mo 2 C a V 2 C. 
C’est en effet normal puisque la densite des 
etats d est approximativement 1,5 fois plus 
elevee pour la premiere serie de transition 
que pour la seconde. 

Ces re suit cits suggerent l’existence d’un 
minimum de la densite d'etats pour un nombre 
d’electrons par atome un peu inferieur a 
celui des composes de la Verne colonne. Ce 
minimum se deplace progressivement lorsque 
Ton passe des metaux cubiques centres 
(VIeme colonne) aux sous-carbures hexa- 
gonaux (Verne colonne). lls suggerent en 
outre I'existence d'une forme de bande peu 


sensible a la structure cristallographique. 
Pour confirmer cette interpretation, il serait 
necessaire de connaitre la forme de la bande 
d pour la structure hexagonale compacte, de 
fagon a verifier qu’elle 1 presente, comme les 
bandes des cubiques centres et des cubiques 
a faces centrdes de type NaCl, un minimum 
de la density d'etats correspondant au rem- 
plissage de la partie liante’ de la bande. 

La comparaison entre chaleurs sptcifiques 
et susceptibilites magnetiques montrent que 
ces dernieres ne sont pas de simples sus¬ 
ceptibilites de Pauli. L’effet est surtout 
remarquable pour V 2 C et MoVC. Le fait 
que le rapport ^k^xl^P^y s'ecarte de 
1 ’unite peut etre du, soit a un effet de ren- 
forcement d’echange-ce qui parait plau¬ 
sible pour les composes du vanadium, dernier 
element non magnetique de la premiere 
serie de transition — soit a I'existence d’un 
terme orbital important (Van Vleck). La 
comparaison des chaleurs specifiques, des 
susceptibilites et du deplacement de Knight 
pour le vanadium et les deux carbures V 2 C 
et VC [1,17,18,20] semble bien confirmer 
la seconde hypothese (Fig. 4): du carbure 
VC au sous carbure V 2 C on observe une 
croissance de la susceptibilite alors que la 
chaleur specifique decroit et que le deplace¬ 
ment de Knight passe de valeurs negatives 
fortes a des valeurs positives tres elevees. 

Si Ton admet que les effets d’echange sont 
responsables de la croissance de la suscep¬ 
tibilite on doit attendre une decroissance 
parallele du deplacement de Knight K, qui 
contient un terme negatif proportionnel a 
la susceptibilite de spin d. Cet effet n’est 
pas observe. On serait d’ailleurs conduit a 
des valeurs enormes du coefficient de renfor- 
cement. Si au contraire on fait l’hypothese 
que cette croissance est essentiellement due 
au magnetisme orbital, les resultats sont 
coherents: La tres forte croissance (—0,2 a 
+ 0,7 pour cent) du deplacement de Knight est 
due au terme positif proportionnel a la suscep¬ 
tibilite de Van Vleck. Entre V 2 C et V, au con¬ 
traire, le terme orbital reste a peu pr&s 
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stationnaire, comme le confirme la Constance 
approximative de la quantite x — ‘in B 2 yhr 2 k B . 
La densite d’etats croit tres fortement 
(croissance de y et de decroissance de 

On aboutit d’ailleurs ainsi a un decoupage 
de la susceptibilite du vanadium qui neglige 
les effets de renforcement d’echange et qui 
est bien celui qui est generaiement admis. 

La description precedente n’exclut pas un 
effet secondaire: decroissance du deplace¬ 
ment de Knight de V a VC a travers une 
decroissance eventuelle de la densite (4s). 
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RADIATION INDUCED MOVEMENT OF CHARGE 
COMPENSATING IONS IN CaF 2 „ 

J. W. TWIDELL 

Department of Physics, University of Essex, Colchester, England 
(Received \1 July 1969) 

Abstract-Trivalent rare earth ions have been incorporated substitutionally in CaF„ where charge 
compensation has occurred (a) by F~ interstitials and 0 s “ substitutional ions forming complexes 
with the trivalent ions, or (b) by processes remote from the tri valent ions. The ESR spectra of the mag¬ 
netic rare earth ions indicate the presence or absence of n.n. compensating ions, and monitor the move¬ 
ment of these ions from or into n.n. sites. Ion movement has been stimulated by u.v. irradiation 
and electron bombardment, and changes in the valence state of the rare earth ions have occurred. 
Thermal annealing techniques give an activation energy for F~ interstitial movement of 1-0 ±0-1 eV. 
The self-diffusion of oxygen in the Cat, lattice has been monitored in a new way. 


INTRODUCTION 

Trivalent rare earth cations may be in¬ 
corporated substitutionally in the CaF 2 lattice 
with charge compensating mechanisms either 
near or remote. A number of authors have 
shown that there exist similar mechanisms 
for charge compensation for most rare earth 
trivalent ions in CaFJl-6]. The magnetic 
ions Er :i+ and Yb 3+ have been found parti¬ 
cularly useful in investigation since their 
ESR spectra at 20°K clearly indicate the 
presence or absence of neighbouring charge 
compensation mechanisms. 

The OaF 2 lattice has O h 5 space group sym¬ 
metry arid may be visualised as a cubic lattice 
of F~ ions in -which every alternate body 
centre is occupied by a Ca 2+ cation. A 
substitutional trivalent rare earth cation 
may be compensated (a) by a remote defect 
or impurity cation that leaves the rare earth 
ion at a site of cubic symmetry, (b) by a n.n. 
F~ interstitial that produces a tetragonal dis¬ 
tortion on the rare earth ion, (c) by a n.n. 
0 2 ~ substitutional anion that produces a 
trigonal distortion, or (d) other less common 
impurity ions at various sites [7-9]. 

EXPERIMENTAL 

X band ESR experiments at 20° and 4-2°K 


were performed on CaF 2 crystals doped with 
the rare earth ions La 3+ , Ho 3+ , Er 3+ , Tm 3+ , 
and, Yb 3+ that were grown by the Stockbarger 
method. It became apparent that some of the 
crystal sample? also contained oxygen ions 
that had been incorporated in the melt as the 
crystals were grown. The crystals could be 
irradiated by u.v. lightfrom a quartz windowed 
mercury lamp, by 50 kV X-rays and by 4 MeV 
electrons. The crystals doped with Er® + 
proved to be of interest for all three types of 
irradiation, and this system will be described 
in detail with occasional reference to the 
other dopant systems. 

CaF 2 : Er 3+ (a) Initial properties 
One crystal of CaF 2 doped with Er 3+ ions 
proved to be particularly free of oxygen or 
hydroxyl impurity ions. This was the same 
crystal as used by Baker, Hayes and Jones, 
[2], Erbium ions have a 77 per cent abundant 
isotope of nuclear spin 1 — 0 and the ESR 
spectra of the trivalent ions of this isotope 
predominate over the spectra from other 
isotopes so that only the former are discussed 
here. Basically two types of ESR spectra 
were detected at 20°K, (i) an isotropic spec¬ 
trum from ions on cubic sites with g = 6-78 ± 
0 01, (ii) a spectrum axially symmetric 
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about cube edges from a tetragonal distortion 
with g„*= 7-78 ±0-02. = 6-253 ±0-006. A 

further tetragonaily distorted spectrum 
reported by Baker, Hayes and Jones from an 
excited state could be detected at 20°, but not 
at4'2°K. 

(b) X irradiation 

Figure Hi) shows a group of X band ESR 
absorption lines at 20°K in the region g ~ 6-8 
in an unirradialed crystal sample of CaFEr 3+ . 




7S0 850 950 Gquss 

X band Moywlic field Increasing 

Fig. I. Er 3+ ESR spectra at 20°K. < I2J) direction. (0 
Oxygen free crystal unirradiated; (ii) After I min X irradia¬ 
tion at 18°C; (iii) After 3 min X irradiation at I8°C; 
(iv) After heating in dry oxygen at 800°( tor 60 hr 

The sample was mounted to rotate in a (111) 
plane and the magnetic field is along a (121) 
direction. In this direction absorption lines 
from the different spectra indicated on the 
figure are clearly resolved. X irradiation at 
room temperature by a 50 kV Machlett tube 
producing 10 s Rad (air) per minute did not 
colour the samples strongly but resulted in 
the ESR spectra of Fig. I (ii) and (iii) after 1 


and 3 min respectively. The isotropic spec¬ 
trum has decreased as Er 3+ ions on cubic 
sites have been reduced by the radiation to 
non-magnetic Er 2+ ions[10-12]. The iso¬ 
tropic spectrum of Er 3+ returned after the 
crystal had been heated above room tempera¬ 
ture. The kinetics of this return process were 
such that the number of cubic Er 3+ ions, n,, 
after heating at 7'°K for t sec as indicated 
by the F.SR spectrum at 20°K was 

n,- n n e~ w 

where 

1/7 = ve~ KlkT 

and 

E = l-4±0-2eV 

p= 10 31iB . 

(c) Ultra-violet irradiation 

Oxygen free samples of CaF 2 :Er 3+ that 
showed the presence of Er 3+ on cubic and 
tetragonal sites only were u.v. irradiated for 
several days at 0°C with a 9 W quartz win¬ 
dowed mercury low pressure lamp emitting 
mainly at 4-9 and 3-4eV. The ESR spectra 
at 20°K then showed a 400 per cent increase 
in the number of Er 3+ ions on cubic sites and 
a corresponding reduction in the number on 
tetragonaily distorted sites. This is indicated 
in Fig. 2 where the ESR absorption lines are 
as described previously. It is concluded that 
the u.v. radiation has caused some of the n.n. 
b charge compensating interstitials to be 
freed from the Er 3+ :F~ complex, so leaving 
an increased number of Er 3+ ions on cubic 
sites. It is to be noted that the u.v. radiation 
did not reduce the Er 3+ ions on cubic sites to 
the divalent state. This movement of the F~ 
charge compensating interstitials at 0°C can 
be compared with the behaviour found by 
Friedman and Low [13] who succeeded in 
breaking up the Er 3+ : F~ complexes by heat¬ 
ing the samples to 1200°C and quenching 
to room temperature. 

Alter u.v. irradiation moderate heating 
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Fig. 2. Er l+ ESR spectra at 20°K, <121) direction, (i) 
Oxygen free crystal unirradiated; (ii) After 12 hr u.v. 
irradiation at OX'; (iii) After 250 hr u.v. irradiation at 0°C; 
(iv) After heating u.v. irradiated sample (iii) to 200“C in 
vacuo. 


resulted in the tetragonal spectrum increasing 
and the cubic spectrum decreasing as the F - 
interstitials were trapped to reform the 
Er 34 : F~ complexes, Fig. 2(iv). An estimate 
can be .made of the activation energy E for 
the return of the F" interstitials to the tetra- 
gonally distorted complexes. The rate d/V/d/ 
at which N„ originally free interstitials are 
trapped at temperature T may be expressed 
by 


dN/dt 

W 


ve 


mkr 


( 1 ) 


and from (1) and (3) 

In t = E/kT — In v. (4) 

{f the number of Er 34 ions on cubic sites 
after total annealing is C(»), then the number 
after time t of the annealing at temperature T 

is 


C(t) = C(°°) + N 0 e- t ». (5) 

Likewise if the number of Er 3+ ions on 
tetragonal sites at the start of the annealing 
is G (0), then the number at time t is 

G(t) = G(0) + N u ( \ ~e _(,T ). (6) 

If R(t ) = C(t)/G(t), then from (5) and ( 6 ) 
at temperature T 

*(0)-/?(») 1 +/?(0) 

R(t)-RM 1 +R(t) ’ 

and if M = e" T ( 8 ) 

7?(0)-7?(cc) 1 +R(t) 
R(t)~R (») \+R(0) K 

Flaving found M for each annealing period 
of duration f, from ( 8 ) 

t = r/lnM (10) 

and 


Inr = In (//In M) 


giving from (4) 

In (f/ln M) = E\kT — In v. (11) 


where v is a pre-exponential constant. 

At any time t the number of free interstitial 
will be therefore 


N = N u e- llr 

and so 

-dNIdt = NIt 


( 2 ) 

(3) 


The relative populations of Er 3+ ions on 
cubic and tetragonal sites, R, was found 
directly from the relative intensity of the ESR 
absorption lines weighted according to the 
number of lines in each type of spectrum, i.e. 
1:3. 

Thermal annealing experiments indicated 
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that the return of the F" interstitials after 
u.v. irradiation followed the process outlined 
above. Fig. 3 is a plot of In (r/ln M) against 
1 IT, and fitting this to equation (II) gives 

E = |0±01 eV 
v = l0 ,3t2 sec-' 

and for example 

run- = 10* sec (28 hr) 

Tare = 2-5 X I0 3 sec (42 min). 

(d) Heating in dry oxygen 
If the X irradiated or unirradiated crystal 
samples were heated to about 800°C for I hr 
in dry oxygen both the isotropic and tetragonal 
F.SR spectra at 20°K disappeared and a new 
trigonally distorted ESR spectrum appeared. 
This behaviour is indicated in Fig. I (iv) 
where that part of the new ESR spectrum near 
g - 6-8 is shown. The new spectrum was 



Fig. 3. Thermal annealing of F interstitial, equation (1 i). 
Slope equivalent to£= l-0±0l cV. 


identical to that reported by Ranon and Low 
[5] with g, = 2-20 ± 0 02, = 8-84±0-03, and 

was clearly due to the entry of oxygen 0 2 “ 
ions into n.n. anion sites next to the Er 3+ ions. 
X irradiation coloured the oxygenated samples 
strongly and after the irradiation the ESR 
spectrum at 77°K of O 2- ions was observed 
114]. 

The change from isotropic and tetragonal 
spectra to the trigonal spectrum could be 
followed by heating the samples for about 
fifteen minute intervals in dry oxygen and 
recording the changing ESR spectra at 20°K. 
The change was consistant with a diffusion 
constant for oxygen entry of D — 10“ 7 cm 2 
sec-'at 800°C. 

(e) Electron irradiation of O 2- compensated 
samples 

Samples of CaF.:Er 3+ that showed only 
the trigonal ESR spectrum from O 2- n.n. 
charge compensated complexes were irra¬ 
diated at room temperature by 4 MeV 
electrons for one hour at I0 e Rad (air)/min. 
After the irradiation ESR at 20°K showed 
the presence of about 20 per cent of the Er " 
ions now on cubic sites. It must be concluded 
that the electron irradiation collisions caused 
20 per cent of the Er 3+ :0 2_ complexes to 
break up leaving Er :i+ ions on cubic sites with 
remote charge compensation. A high pro¬ 
portion of the oxygen ions removed from the 
complexes will be expected to remain in 
n.n.n. substitutional sites after the irradiation, 
and since no new type of ESR spectrum was 
observed after the irradiation it must be con¬ 
cluded that removal of an O 2- ion to a n.n.n. 
substitutional anion site leaves the Er 3+ ion 
at a site of cubic symmetry. During the 
irradiation the crystal would be sufficiently 
hot, > 50°C, to prevent the permanent reduc¬ 
tion of Er 3+ ions on cubic sites to the divalent 
state. 

CaF 2 : Yb 3+ . Samples of CaF 2 : Yb 3+ showed 
the ESR spectra at 20°K of Yb 3+ ions on 
cubic, tetragonal and trigonal sites (6). Heat¬ 
ing the samples in dry oxygen at 800°C 
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resulted in the disappearance of the cubic and 
tetragonal spectra and the appearance of an 
increased trigonal spectrum as oxygen ions 
entered the lattice at n.n. charge compensating 
anion sites. Ultra-violet irradiation at 0°C had 


earth ions described in this paper. A summary 
of the activation energies, E , and method of 
production of the divalent ions from the tri- 
valent ions on cubic sites at room tempera¬ 
ture is given in the table* below. 


Table 1 


Divalent ion: 

La 4 ' 

Er» + 

Tm 4+ 

Yb I+ 

E eV 

0-6 + 01 

1 -4 ± 0-2 

0-45 ±005 

1 0±0 2 

Produced u.v. 

No 

No 

Yes 

No 

by. X 

Yes 

Yes 

Yes 

Yes 


no effect on the original crystal, and X ir¬ 
radiation reduced only the Yb 3+ ions on cubic 
sites to the non-magnetic divalent state. 

CaF 2 :Tm 3+ . The Tm :,+ ion is non-magnetic 
and ESR does not directly reveal the types of 
charge compensating mechanisms. 4 MeV 
electron irradiation and subsequent X 
irradiation of a crystal thought to contain 
oxygen produced an increased number of 
magnetic Tm 2+ ions on cubic sites than had 
been the case before electron irradiation. 
This is consistant with non-magnetic Tm 3+ : 
O 2- complexes being broken up by the elec¬ 
tron irradiation to leave Tm 3+ ions on sites of 
cubic symmetry that could then be reduced by 
X irradiation at room temperature to the 
divalent state [10]. Ultra-violet irradiation by 
either the 4-9 or 3-4 eV emission from the 
mercury lamp caused Tm 3+ ions on cubic 
sites to be reduced to Tm 2+ divalent ions. 
This is the only instance of a trivalent rare 
earth ion being reduced by u.v. irradiation 
that has been found in CaF 2 . 

CaF 2 : La 3+ ; CaF 2 :Ho 3+ . The La 3+ and 
Ho 3+ ions are non-magnetic and the only 
radiation effect observed was reduction to the 
magnetic divalent states of ions on cubic 
sites by X irradiation[ 11, 12]. Pulse annealing 
techniques above room temperature as de¬ 
scribed previously for the CaF 2 : Er 3+ system 
enabled the activation energy to reform the 
trivalent ions to be found for most of the rare 


DISCUSSION 

(a) Reduction of trivalent ions 
Irradiation by 50 kV X-rays at room 

temperature reduced only the trivalent rare 
earth ions on cubic sites to the divalent state. 
Only Tm 3+ ions could be also reduced by 
u.v. irradiation. 

(b) Oxygen diffusion 

The trigonally distorted Er l+ spectrum 
monitored the entry of O 2- ions into the doped 
CaF 2 samples, and could provide a new 
method for measuring the diffusion constants 
of oxygen ions in CaF 2 . 

(c) 4 MeV electron irradiation 

The break up of trigonally distorted Er 3+ : 
O 2- complexes after electron irradiation 
provided a clear indication of the extent of 
damage in the crystal. During the irradiation 
the sample temperature would be expected to 
rise to about 50°C at which temperature 
oxygen substitutional ions would not be 
mobile and the complexes once broken up 
would not reform. The straight knock-on 
energy available in a 4 MeV electron-oxygen 
ion collision is about 1000 eV, which is ample 
to cause movement of ions in the lattice. Such 
experiments with orientated crystals in mono- 
energetic particle beams would provide a 
method for analysing displacement damage 
in crystals. 
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(d) F“ interstitial displacement 

Ion displacement resulting from the absorp¬ 
tion of u.v. or visible light has been proposed 
to explain a number of effects in ionic crystals. 
For example the U band absorption in alkali 
halide and alkaline earth halide crystals 
doped with hydrogen (15], Br ion displace¬ 
ment in Ag Br| 16, 17] and the formation of 
cubic environments for impurity ions on 
previously distorted sites] 18]. 

In the instance of the Er i4 :F~ complex 
described here it would seem that the com¬ 
plex absorbs a u.v. photon and the resulting 
excited state configuration is at a higher 
energy with the F“ interstitial in a n.n. posi¬ 
tion than the configuration with the F inter¬ 
stitial in a n.n.n. position. Relaxation to the 
latter would be expected to take place in 
— 10' n sec before the final configuration 
returned to its groundstate in a time greater 
than this, typically - 10 "sec. The F inter¬ 
stitial would then be too far removed to affect 
the Er H ion then in a cubic environment, and 
at 0°C the interstitial would have a low pro¬ 
bability of returning by diffusion. 

Heating the crystal after u.v. irradiation 
enabled the F interstitials to return to reform 
the Er u : F tetragonal complexes. The activa¬ 
tion energy for this process, E = 10 + 01 eV. 
is clearly related to that derived from electrical 
conductivity and dielectric loss measurements 
for F" interstitial movement in CaF„. Chen 
and McDonough] 19| and Southgate [20] 
investigated the anelastic and dielectric loss 
in Y doped CaF 2 and obtained an activation 
energy of I -2 ±0-1 eV for F jumps within a 
Y 3+ :F~ complex. Southgate assumed 0-3 eV 
of this was associated with the internal energy 
of the complex and 0-9 eV was associated 
with the movement of F interstitials. Lysiak 
and Mahendroo[21] postulated an activation 
energy of 0-53±0 05eV for F interstitial 
movement in their NMR studies of Sm doped 
CaF 2 in the extrinsic region below 900°K. 
Viegle[22] obtained a value of 0-63 eV for 
F~ interstitial diffusion in his NMR linewidth 
studies in CaF 2 . ArkhangePskaya et al. |23] 


and Nikitinskaya et al.[ 24] have discussed 
electrical conductivity determined activation 
energies for F“ vacancy and interstitial move¬ 
ment in the light of results obtained from 
oxygen and rare earth doped samples of CaF 2 . 

The results outlined above seem to be in 
disagreement with those of Ure[25] who gave 
an activation energy of T65±0-35eV 
(38±8kcalmole'‘) from electrical conduc¬ 
tivity measurements on CaF 2 for assumed F~ 
interstitial movement, and of Fong and Hiller 
[26] who postulated an energy of l-5eV 
(34-8 kcal mole -1 ) for F“ interstitial move¬ 
ment during reduction of CaF 2 : Dy :,+ samples 
in calcium vapour. Fong himself however ]27] 
points out the difficulty of interpreting 
electrical conductivity measurements due to 
F interstitial movement. 
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THE SCALING OF THE PHONON FREQUENCIES IN 
THE DIAMOND-TYPE CRYSTALS* 
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Abstract—A simplified point ion model for the phonon force tensors in the diamond-type crystals, 
derived from Baym’s first principles treatment of lattice vibrations in the harmonic approximation, is 
used in preference to the shell model; in the point ion model, the interaction between a pair of ions 
in the vibrating lattice is essentially a Coulomb potential screened by the electrons. It is shown that if 
the screening is weakly dependent on the electron density in Si, Ge, and a-Sn, then the phonon 
frequencies <u Qj in these crystals scale approximately as observed by Kucher, <u vj 2 = [(4e) 2 /Ma 3 ]fl OJ I , 
where is a dimensionless frequency that is independent of the particular material being considered. 
Evidence is presented in the RPA to support this explanation of the scaling. 

l. introduction phonon spectra makes it possible to calculate 

It is well known that the phonon spectra of phonon functions in gray tin, for which little 
the diamond-type crystals are similar, but the experimental information is available, and it 
approximate analytic form that this similarity allows simultaneous treatment of silicon, 
takes is perhaps not so familiar. On the basis germanium, and gray tin. Diamond, whose 
of experimental information and fitted shell ionic cores contain nop electrons, is somewhat 
model calculations, Kucher[1] observed that anomalous, and it will therefore not be includ- 
to a first approximation, the phonon frequen- ed in the discussion. Kucher notes that (4 e) 2 l 
cies in silicon, germanium, and gray tin scale Ma 3 is the only combination of ionic charge 
as 4e, ionic mass M, and lattice constant a 

which is dimensionally a frequency squared, 
..2 = (4f)2 Q 2 m but he gives no further explanation for the 

Ma 3 0 scaling. 

The lattice vibrations in the diamond-type 
where is the frequency of the phonon mode crystals have been treated in two ways in the 
at wave vector q in the jth branch of the spec- literature. The traditional approach with fitted 
trum, e is the magnitude of the electronic short range force constants gives poor results 
charge, M is the ionic mass, a is the lattice for the phonon frequencies[2, 31. while shell 
constant, and is a dimensionless frequency model calculations [4-7], although reasonably 
which is independent of the particular material successful in fitting the phonon spectra with 
being considered. relatively few adjustable parameters, rely on 

The approximate observed scaling [ 1 ] of the questionable assumptions in Si, Ge, and c*-Sn, 
_ applying a tight binding picture to materials 

•Supported by grants from the National Science in which the nearly-free-electron approxima- 
Foundation, the Advanced Research Projects Agency, tion is more appropriate. 

and the Air Force Office Of Scientific Research As described by Cochran [4], the shell 

tThis work is based in part on a section of a thesis , , . . . , , . ... 

submitted to Harvard University in partial fulfillment of model IS a Simple phenomenological method 
the requirements for the Ph.D. degree. of determining the phonon frequencies. Each 
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atom is assumed to consist of a point ion core 
and a rigid, spherical shell of valence elec¬ 
trons. The Hamiltonian, expanded to second 
order in the core and shell displacements, is 
the sum of the following terms: the kinetic 
energies of the cores and shells; short range 
core-core, core-shell, and shell-shell interac¬ 
tions, with the range determined by the num¬ 
ber of parameters needed to give a good fit to 
experiment: long range, bare electrostatic 
core-core, core-shell, and shell-shell interac¬ 
tions. From the equations of motion for the 
core and shell displacements, secular equa¬ 
tions of twice the usual dimensions are derived, 
and these reduce to the normal size when the 
masses of the electron shells are neglected. 
The phonon dispersion curves are then found 
by diagonalizing the reduced secular equations 
and fitting elastic constants and particular 
frequencies to experiment. 

Although in practice the Russian shell 
model calculations[5-7] are equivalent to 
Cochran’s simple phenomenological descrip¬ 
tion, Tolpygo[8] has also attempted to provide 
a theoretical basis for the model, using a per¬ 
turbation expansion based on tight-binding 
electron wave functions in the Hartree-Fock 
approximation. If Tolpygo’s tight-binding 
assumptions are not questioned, it is clear 
how the long range electrostatic interactions 
of the shell model are obtained, but the short 
range force constants are never explicitly 
defined in terms of electronic overlap inte¬ 
grals or matrix elements, and no such explicit 
definition of the short range interactions is 
given in the germinal paper(9] to which 
Tolpygo refers the reader. 

The shell model gives reasonably good 
agreement with experiment in the diamond- 
type crystals, but it has not been given a sound 
physical or theoretical explanation. The intro¬ 
duction of weightless electronic shells in the 
calculation of the phonon frequencies has two 
mujor effects. First, because the shells adjust 
(adiabatically) to ionic motion, the direct 
core-core interactions are screened, although 
the screening is not exhibited explicitly. Sec¬ 


ond, by multiplying the number of phenomen¬ 
ological short range parameters which describe 
the interaction between two atoms by a factor 
of three, it makes a fit to experimental data a 
good deal easier and still allows cut-off of the 
short range force constants at nearest or 
next-nearest neighbors. In a very simple way, 
the shell model allows the electronic response 
in the crystal to affect the ionic motion, 
introducing long range dipole-dipole interac¬ 
tions, and it is probably for that reason that 
fewer parameters are required in the shell 
model than in the standard approach. 

A large number of calculations of electronic 
properties in the Group IV semiconductors 
and related solids have, however, indicated 
that the electrons in these crystals should be 
treated as nearly-free rather than tightly- 
bound or highly localized as they are in the 
shell model. In particular, the electron-phonon 
interaction in these lattices can be treated by 
assuming weak ionic pseudo-potentials and 
‘smooth’ electron states [10-13], It is there¬ 
fore more reasonable to describe the electrons 
as a continuous gas that screens the ionic 
core-core interactions instead of as a col¬ 
lection of movable or deformable shells 
associated with individual ions. 

In Section 2, we discuss a simple point 
ion model for the phonon force tensors; in 
this model, the interionic interaction is essen¬ 
tially a Coulomb potential screened by the 
electrons. If the dielectric response of 
the electrons is approximately independent of 
the electron density in Si, Ge, and «-Sn, we 
find that the phonon frequencies in these 
crystals calculated from the point ion force 
constants scale as observed by Kucher, 


In Section 3, evidence is presented that in the 
RPA, the density or lattice constant depen¬ 
dence of the screening is weak in the diamond- 
tyP e crystals, making the approximate 
observed scaling plausible. While the point ion 
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model used here to consider the scaling is 
somewhat oversimplified, similar dielectric 
screening approaches which include non¬ 
central forces have recently been applied to 
the phonon spectra of semiconductors [14,15]. 

2. THE POINT ION MODEL 

The determinantal equation for the phonon 
frequencies in the point ion model is obtained 
[16] by using an approach based on Baym’s 
[ 17] first principles treatment of lattice vibra¬ 
tions in the harmonic approximation. Begin¬ 
ning with a crystal Hamiltonian that includes 
the electronic and ionic kinetic energies and 
ion-ion, electron-ion, and electron-electron 
interactions, an equation for the retarded 
phonon Green’s function, correct to second 
order in the displacements of the ions from 
their equilibrium positions, is derived by 
functional derivative techniques. This equation 
is then simplified by making the following 
assumptions and approximations: 

1. The energy of the system is unchanged 
by an arbitrary uniform translation of the 
crystal; 

2. The non-Coulombic parts of the un¬ 
screened ionic potentials do not overlap when 
the ions occupy their equilibrium positions; 

3. Terms involving the quadrupole moments 
of the ions can be neglected in comparison to 
those involving the ionic charges; 

4. e -, (r,r'; w vJ ), the frequency dependent 
dielectric response function or inverse longi¬ 
tudinal dielectric constant of the electrons at 
the phonon frequencies co, (j , can be approxi¬ 
mated by the static, translationally invariant 
forme'Mr — r'). 

In this procedure for simplifying the equa¬ 
tion of motion for the phonon Green's 
function, the most important approximation 
made is the use of a translationally invariant 
electronic dielectric response function. This 
approximation has been successfully used to 
treat a variety of problems in crystals in 
which the valence electronic behavior is free- 
electron-like [11,18-21], and in particular. 
Penn [22] indicates that this is a reasonable 


approximation in the Group IV semiconduc¬ 
tors. With this simplification, the point ion 
mode! contains only central forces; this may 
be unacceptable for calculational purposes, 
but it facilitates a comparison of the screening 
effects in similar materials. 

The phonon frequencies are the poles of 
the transform of the retarded phonon Green’s 
function, or the zeroes of the determinant of 
its inverse. From the Green’s function equa¬ 
tion derived in the manner outlined, the 
phonon frequencies are the eigenvalues of a 
determinantal equation of the familiar form 

det||M<V-^ bb ,(q)|| = 0 (2) 

in which b and b' are basis vectors to the 
equilibrium ionic positions in the unit cell and 
/ is the unit tensor in three dimensions. = 
8 U . £# bb , (q) is the lattice transform of the force 
tensors ^ bb .(R,-R,.), 

^bb'(q) = 2f-'^'^(R,) (3) 

i 

where R, and R,. are lattice vectors. 

In real space, the force tensors in the point 
ion model are second derivatives of ion-ion 
interactions screened by the electrons. Denot¬ 
ing the bare ionic potential at r due to an ion 
at the origin by 

v(r) = Zef(r), (4) 

where f(r) is dimensionally an inverse length, 
the screened ionic potential is 

v g (r) = Zef s (r ), (5) 

with/, defined in terms of/and the dielectric 
response function e~‘ of the electrons by 

Mr) = fdYe-'lr-rW) (6) 

The point ion model force tensors in a homo- 

polar crystal can then be written as 

.^ bb (R,-R,,) = 

- (Zef{(l - 8 ir 8 w ).^[(R, + b) - (R,- + b')] 

—M bb '2< 1 - 8 A b .).</[(R,+ b) - (R r + b")]} 

iv J(7) 
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where 

f.(r) 

= (./-3rr/^)-^+(rr /r 2 )V%(r) (8) 
r dr 

For the discussion of the scaling of the 
phonon spectra in Si, Ge, and a-Sn, we define 
dimensionless force constant transforms by 

IM- (9) 

or, from equations (3) and (7) 


f,c(r)= (12) 

or, in terms of the Fourier transforms of e~ l 
and Mr, 



For the static dielectric constant e(k), we 
will use the free electron RPA result at T = 0 
123,24], 

Ckpa(^) = 1 +yl T xWkp) (14) 


{»«!> 

= -a»2 {(1 - 5, 0 8 bb )e~“' .c/ (R, + b —b') 

l 1 

-^Sil-Wh^IRz + b-b'')} GO) 

v 

Substituting equations (1) and (9) into equation 
(2), we obtain 

det||fV5 *,,/ - e -'•* "• -»■>( bb (q)|| = 0 (11) 


where Ay is the Fermi wave vector, y Fr is 
the ratio of the Fermi-Thomas and the Fermi 
wave vectors, 


kt T 4 me' 2 

v 2 — -£7. -- 

r rr ^2 irh 2 k F 

and the function x is given by 

x±2 } 
x — 2 1 


X ( -f ) = 2^{ , -^ 2 - 4)| o g 


(15) 


(16) 


In a group of crystals having the same lattice 
structure and the same number of valence 
electrons per atom, the dimensionless fre¬ 
quencies 12 W j — [ Mu'-'liZe ) 2 ] 1,! w^ will then be 
approximately independent of the particular 
material being considered if the dimensionless 
force tensors { hh (q) are. 

3. THE RPA SCREENED COULOMB FORCE 
TENSORS AND THE SCALING 

With the assumptions that the ionic dis¬ 
placements are small, and that the non- 
Coulombic parts of the bare ionic potentials 
do not overlap when the ions occupy their 
equilibrium positions, the force tensors in the 
point model are derived from what are essen¬ 
tially screened Coulomb interactions. Accor¬ 
dingly, we set f(r) equal to 1/r, so that the 
screened ionic potential function /,(r) defined 
by equation (6) becomes 


To express the RPA screened Coulomb 
interaction in terms of quantities more easily 
related to the lattice constant a, we introduce 
the usual dimensionless radius r, defined in 
terms of the average electron density n e and 
the Bohr radius a„ by (47T/3)a 0 3 r s 3 = 1 /n e . The 
Fermi wave vector is inversely proportional 
tor,, 

1 = 3 I 627XW( A) _ 1 (17) 

^8 T9 

and y'i- r is directly proportional to r„, 

y FT — dr, = 0-6634 r,. (18) 

For diamond-type crystals, assuming four 
electrons per atom and measuring the lattice 
constant a in Angstroms, r, — 0-3693 a; for 
silicon, germanium, and gray tin, r, = 2-000, 
2085, and 2-385 respectively. 

As a function of the dimensionless variable 
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k F r and the electron density parameter r„ it 
follows from equations (13), (14), (17) and 
(18) that the RPA screened Coulomb interac¬ 
tion can be written as 


fsAr) =~g, c (k F r, r,) <19) 

r 9 


where 


g ac (k F r\ r„) = 


2 f x , sin k F rx 
'rrkf-rJn x[i + dr a x(x)] 


( 20 ) 


Correspondingly, the tensors a :t stf H, (r) = 
a 3 VVf sc (r) can be written in the form 


a'W c {r) =K&{k F r\r s ) ( 21 ) 

where k— [cl(rja)] 3 is a constant equal to 
0-9947 x 10 3 in the diamond-type crystals, 
and 


&(k F . r; r„) = 


d(k F r) d(k F r 


■gjk r r:r,) (22) 


vector defined by the lattice structure, £J£.(q) 
becomes a dimensionless function of dimen¬ 
sionless variables which does not depend on 
the lattice constant, and, from equation (11), 
the dimensionless phonon frequencies fl*, are 
independent of the particular material being 
considered. 

To see whether it is a reasonable approxima¬ 
tion to use some average value of r, to cal¬ 
culate the screened Coulomb force tensors 
^,(q) in Si, Ge and a-Sn, we have used a 
program written by L. Beeferman and V. 
O'Donnell [25] to determine the RPA screen¬ 
ing charge density V 2 /, c (r)/477- as a function of 
k F r and r, in these crystals. Adopting the nota¬ 
tion of Langer and Vosko[24], the Laplacian 
of f sc {r) can be written as 

V 2 /, r (r) = -47r8(r) + 4nAn B (r) (24) 

or, measuring A n„(r) in units of k F 3 = (c/r,) 3 
and indicating its functional dependence on 
k F r and r„ 


Substituting equation (21) into equation (10) 
for the dimensionless force tensors £ bh (q), we 
obtain 

W 

= {(- 1 ~ 9 (k F r; r,)3 r=Rj+b _ b ' 

8bb'2(^ — S/ U 8 bb )[^ ( k F r ; r,)] r _ R+b _ b -} 

h" 

(23) 

If we neglect the r, or lattice constant depen¬ 
dence of the screening by using some average 
value (r s ) Av in & c (k,,r; r,) and &(k F r; r s ) for a 
group of crystals which have the same lattice 
structure and the same number of valence elec¬ 
trons per atom, the dimensionless screened 
Coulomb force tensors[23] yield the scaling 
of the phonon frequencies observed in the 
Group IV semiconductors. If r, is replaced by 
<r, ) Av over a limited range of electron densities, 
then since k F (Ri + b — b') is a dimensionless 


? 2 /, r ( r) = - 4uS (r) -F 4v(c/r ,) 3 A n B (k F r ; r,) 

(25) 

From equations (8), (21) and (22), the contri¬ 
bution of the screening charge density to 
&(k F r; r,) then is 

&(k F r; r,) |V 2 /„ 0 = 4rr(rr/ r 2 )An B (k F r; r,) (26) 

where we have omitted the delta function in 
V 2 /, c (r) because r ¥■ 0 in equation (23) for 

«<q>- 

Figures 1 and 2 show the function An B (k F r; 
r,) vs. k F r for the values of r, appropriate for 
Si, Ge, and a-Sn at room temperature, assum¬ 
ing that four electrons per atom participate in 
the screening. The positions of the nearest and 
of the first four next nearest neighbors are 
marked on the k F r axis in Figs. 1 and 2 respec¬ 
tively. Table 1 gives numerical values for the 
RPA screening charge density A n B (k F r; r,) at 
the first five nearest neighbor distances, their 
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Fib- I The KPA screening charge density An„ik r r: r,) vs. 
V in Si. Cic and «-Sn. The nearest neighbor distance 
k f -r„„ is marked with a vertical line. 



Fig. 2(a). The RPA screening charge density An„{k r r:r,) 
vs. kri' in Si. The first four next-nearest neighbour dis¬ 
tances arc marked with vertical lines. 


averages, and the percentage r.m.s. deviations 
of the values for the three crystals from the 
averages. The figures and the table show 
clearly that &n B (k F r\ r,) does not change much 
in going from Si through Ge to a-Sn, and that 
the values for Si and Ge are particularly close. 
To a first approximation, some single value 
(r t ) Av may therefore be used to calculate the 
contributions of the screening charge density 


+ 05 ; 



Fig. 2(h).The RPA screening charge density An a (k F r:r,) 
vs. k f r in tie. The first four next-nearest neighbour dis¬ 
tances are marked with vertical lines. 



vs. k, r in a-Sn. The first four next neighbour distances are 
marked with vertical lines. 

to the tensors . ( W(k F r\ r„) and hence to the 
dimensionless force constants £{£,. lq)- 

In a group of crystals having the same lattice 
structure and the same number of valence 
electrons per atom, the point ion model yields 
the approximate scaling w 2 — ( Ze) 2 /Ma 3 
when the r„ dependence of the electron screen¬ 
ing is weak. This apparently is the case in the 
diamond-type crystals. To test the general 
observation of this scaling, we looked at the 
phonon spectra of the monovalent metals 
Li, Na and K, and found that a different and 
more approximate scaling occurs. Krebs [26] 
has fitted calculated phonon dispersion curves 
for these metals to experimental data taken at 
or near liquid nitrogen temperatures. Using 
his results to compare the phonon frequencies 
in Li, Na and K at several symmetry points, 
we found that something like w 2 ~ ( ZeflMa 2 
is observed, although there is considerable 
spread about this. 

The values of r s for Li, Na and K are about 
2 6, 3-1 and 3 9 respectively, higher than 
those for Si, Ge and a-Sn, and much more 
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Table 1. The dimensionless RPA screening charge 
density An B (k F r; r s ) in Si(r s = 2-000), Ge(r s = 2-085) 
and a-Sn(r s = 2-385) at the first five nearest neighbor 
distances 




4-253 

6-945 

J 

k F r nn 

8-144 

9-822 

1 "■ " "TV 

10-703 

, 

Si 

306 

-0-135 

0-322 

-0-149 

0-132 

10r,)j 

Ge 

2-99 

-0-135 

0-330 

—0-153 

0-134 


«-Sn 

2-87 

-0-158 

0-353 

-0 164 

0-150 

10 4 (An B (I: F r; r, 


2-97 

—0-143 

0-335 

-0-155 

0-139 

\/<,{6An K (k F r\ 

\(An„(k F r\r, 


0-03 

0-08 

0-04 

0-04 

0-06 


*<.An„{k F r;r,)) Ar = i 2 A n„(k F r\r.) 

Sl,CeM-Sn 

t<[8An„(V;''.)] 2 ><. .= i £ {hn H (k F r,r,)-(An B (k F r;r,)) AV }*. 

Si.l,r.a-Sn 


widely spaced. It is therefore less likely that 
an average value for r s can adequately describe 
the screening in the three metals. Langer and 
Vosko’s[24] plots show that the oscillations 
in A n H (k f r‘, r s ) become more pronounced as 
r s changes at a fixed value of k F r. The different 
and very rough scaling w 2 ~ ( ZeftMa 2 we 
find in Li, Na and K is thus not too surprising. 
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ENERGIE DE FORMATION DE MONOLACUNES 
DANS LES METAUX DE TRANSITION 
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Resume - De la variation de densite d’etats d'un cristal CC ou CFC quand on y introduit une lacune, 
on d£duit I’dnergie de formation E F n ,. On utilise la methode des moments dans ('approximation des 
liaisons fortes et on obtient la variation de £f,. en fonction du remplissage de la bande d pour les trois 
periodes de metaux de transition. 

Abstract-The formation energy £f, of a monovacancy is deduced from the modification of the 
density of states of the d-band when a vacancy is introduced in a perfect crystal. By means of the 
moments of the density of the d-band, the variation of £{',, with respect to the filling of the band is 
obtained for the transitional metals. 


1. INTRODUCTION 

Comme l’a mis en evidence Gschneider[l], un 
grand nombre de proprietes physiques des 
metaux de transition varient de maniere 
sensiblement parabolique lorsque le coefficient 
de remplissage de la bande d varie de 0 a I. 
Telle est Failure par exemple de l’energie de 
cohesion Ec, de la chaleur latente de fusion, 
de l’energie de sublimation, de la tension 
superficielle y„ des metaux de transition 
liquides, sauf pour les elements de la premiere 
periode pour lesquels des complications 
magnetiqu,es interviennent. 

Ce comportement des metaux de transition 
est bien explique en traitant la bande d dans 
I’approximation des liaisons fortes [2,3]. 
L’objet de cet article est de chercher si la 
methode permet un calcul approche de 1’ener- 
gie de formation E f iv des monolacunes dans 
ces metaux, bien que les resultats experimen- 
taux dans ce domaine soient assez peu nom- 
breux. Le seul metal oil E h n . a ete mesuree 
directement est Ni[4] pour lequel la valeur 
£f v .= l,4eV correspond bien aux valeurs 
experimentales Q — 2,9 eV[5] et E M = 1,5 eV 
[6], oit Q est l’energie d’activation pour l’auto- 
diffusion et E M l’energie de migration des 
monolacunes. Un ordre de grandeur de E\ v 
peut etre deduit de la valeur de Q, mesuree 


dans un certain nombre de metaux et de la 
valeur de E M calculee [6]. 

2. CALCUL DE Ef-METHODE DES MOMENTS 
2.1 Methode de calcul 

Mme Cyrot a montre[3]que laconnaissance 
des premiers moments 

E"n{E)dE 

de la densite d’etats suffit pour determiner 
n(E) et certaines proprietes physiques ( E c ,y „), 
avec une bonne precision. Dans l’approxima- 
tion des liaisons fortes, et dans une structure 
a un atome par maille, ces moments s’ecrivent: 

Un = ^ ('l|Li,|l 2 >(l' 2 |L, 2 |l 3 ) . .. <l'nlFi»|ii> 

(i\V, \j) = —R/)L,(r —R()i//(r — Rj) I d,r 

est I’integrale de recouvremenl a 2 centres 
ij, les integrales a 3 centres etant negligees. 

Les integrales de derive (i=j) etant en 
general beaucoup plus faibles que les integrales 
de recouvrement fi„ s’interprete 

comme le produit d’integrales de recouvre¬ 
ment le long d’un circuit ferme de n sauts. 

Les approximations inherentes au calcul 


315 



316 


M GERL 


sent presentees dans la reference 13] et nous 
ne les rappellerons pas ici. La densite d etats 
n 0 (E) du cristal parfait etant connue par 
ses moments, on peut calculer I’energie de 
cohesion 

E r = f :f °n 0 {E)(E„-E)dE 0) 

oil £„ est I'energie des electrons d dans I’atome 
isoie, E/’ le niveau de Fermi du cristal parfait. 
Si la density d’etats varie de «„(£) a n(E) — 
n„(E) +fi n(E) quand on introduit une lacune 
dans le cristal en portant un ion a un cran de la 
surface, I’energie de formation £{’,. de la lacune 
est: 


a 3 = 3 ' 2 ; a 4 — ig(fi 2 ) 2 


oil Ton a pose: 


R 


_ 1 m4~3m2 2 . h _ Ms 
_ 8 Ms 2 (M 2) 3 ' 2 


On obtient alors aisement le niveau de Fermi 
£/ du cristal parfait en fonction du coefficient 
de remplissage z. de la bande d [3]: 

oil Ton a pose: 


£',= f“'\n(E)(E-E v *)dE (2) 

oil 8n(E) est connue par I’intermediaire de ses 
moments: 

fifi,, = J E"Srt(£) dE 

Dans (’expression (2) de I’energie de forma¬ 
tion, toute energie de relaxation des ions 
autour de la lacune est negligee, ainsi que la 
polarisation des fonctions d’onde d au voisin- 
age du defaut. L’energie de formation obtenue 
sera done certainement plus forte que les 
valeurs expdrimentales. 

2.2 Determination de E K ". E,., Ejj. 

Lorsque les moments de «„(£) sont connus 
jusqu’it I’ordre n, on peut approximer n u (E) 
par une serie d’Edgeworthf3] qui a exacte- 
ment les memes moments jusqu’a I’ordre n. 
Par exemple, avec les moments jusqu’a I’ordre 
4: 

n„(E ) = ( 277 -^ 2 )exp- ~ 

/Ms 

X [a n + a x E + a 2 E 2 + a^E'+ 

avec les coefficients: 

a 0 - (I +g); a, = a 2 = -2 g(n t )~ l 


«;, = ^-( 2 m 2)'" 2 

V 7T 

J n (x)-f u n e~ u * du 

J — x 

L’equation (3) permet. par inversion, de deter¬ 
miner £/ en fonction de z■ On obtient de 
meme I’energie de cohesion en fonction de 
E f ", done de£: 



Pour determiner E F V , on calcule la vari¬ 
ation 5 m„ des moments jusqu’a l’ordre 4 en 
analysant le nombve8fi„(L) de circuits d’ordre 
n supprimes dans le volume lors de (’introduc¬ 
tion de la lacune et le nombre 8/j.„(A ) de 
circuits introduits quand I’atome est replace 
a la surface: 

5m„= Sm„(/ 1) —SM n (£) (5) 

La variation de densite d’etats S n(E) est 
alors approximee par la difference de deux 
series d’Edgeworth limitees aux deux premiers 
termes: 
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s ' ,< E ) "^ exp [“ S ?] [1+ ' ,,£1 


--7— exp--^-[l-H> 2 E] (6) 

CTnWlTT 2(T 2 


Les constantes <r,, cr 2 , fc,, b- 2 sont determinees 
de maniere a reproduire les moments de 
8n(E) jusqu’a I’ordre 4: 


z, = JL. Jt*a. 

1,21 <r* (2) 3S M2 


On trouve alors aisement pour I’energie de 
formation: 


nous n’en retenons qu’une seule, en fonction 
de laqueile nous calculons I’energie de co¬ 
hesion E r et l’energie de formation E\ v . Si a 
est la valeur de cette integrate de recouvre¬ 
ment* nous obtenons les moments de n 0 (E) et 
S n(E) (Tableau 1), lorsque A est place a un 
cran d’une surface (111) (Fig. 1). 

Tableau 1. CFC: Moments de rio(E) et 
Sn(E), I’atome A etant place d un cran 
d’une surface (111) ef la lacune formee 
a I’interieur du volume du cristal 


n 

0 

1 

2 

3 

4 


1 

0 

12 

48 

540 

6/u .„(L)la n 

0 

0 

-24 

-144 

-1872 

8fi„M)/a- n 

0 

0 

12 

48 

540 

Sfin/a” 

0 

0 

-12 

-% 

-1332 


E<- u = A A (<t 2 ) (7) 


avec 


A (o-j) = J—(ri[J,{yi) + b',J 2 (y,)] 

\ 7 T 

-^flJM+bUtly,)] ( 8 ) 
Vtt 


et 


y, = 


E r u 


o- f V2 

b[ = (cr i \ / 2)b, 



Fig. I. Replacement d'un atome A a un cran d’une surface 
(111) d’un cristal CFC. 


Le coefficient de rernplissage z etant donne, on 
peut alors calculer Ef\ E r et I’energie de 
formation E h lv en fonction des integrales de 
recouvrement non nulles conservees dans le 
calcul. 

3. RESCLTATS 

3.1 S tructure cubique a faces centrees (CFC) 
Dans la structure CFC les premiers voisins 
se trouvent a une distance a/V2 et les seconds 
voisins sont distants de a. 11 est done raisonn- 
able de negliger les integrales de recouvre¬ 
ment entre seconds voisins et de ne conserver 
que les integrales entre premiers voisins. Des 
5 integrales de recouvrement ainsi conservees. 


E c et E^ v etant alors fonction du seul 
parametre a, R = E f n IE c est un nombre qui ne 
depend que du rernplissage de la bande d. II 
est remarquable de noter que, si Ton consid&re 
uniquement les moments jusqu’a l’ordre 2, le 
rapport R est une constante independante du 
rernplissage de la bande d alors que si Ton 
considere les moments d’ordre superieur a 2, 
R varie avec z- Le modele de liaisons coupees 
(circuits de deux sauts coupes) au voisinage de 
la lacune et retablies a la surface ne donne 
done qu’une estimation grossiere de E^y. 

Connaissant I'energie de cohesion experi¬ 
mental des metaux de transition CFC[1], on 
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deduit une estimation de I'energie de formation 
des monolacunes: 

£f ( , = R(E r ) nv 

En supposant les calculs precedents valables 
pour la structure hexagonale compacte, tres 
voisine de la structure CFC, nous avons cal¬ 
culi ainsi Ef V pour les metaux de transition 
HC ou CFC des premiere, deuxieme et 
troisieme periodes de la classification periodi- 
quetFigs. 2, 3 et4). 




Fig. 3. Elements de la deuxieme periodc. 


3.2 Structure cubiquecentree (CC) 

Dans la structure CC, les premiers voisins 
son! distants de aV3/2 et une distance egale 
a a sdpare les seconds voisins. Cette difference 
de 14 pour cent environ entre ces deux dis- 



Fig. 4. Elements de la troisieme periode. 


Figs. 2, 3 et 4. Comparaison de I’energie de formation Ef,, 
calculee (-), /3/a prenant les valeurs +0,5, 0 et —0,5 a: 

(1) I'energie d’activation Q pour l’autodiffusion (-) 

(2) I'energie de formation deduite du ealcul de Flynn 

(61 (--) 

lances laisse supposer que les integrales de 
recouvrement /8 entre seconds voisins ne sont 
pas negligeables par rapport aux integrales a 
entre premiers voisins. Les moments n„ de 
n(E) et de 8 n(E) sont alors des polynomes de 
degre n ena/8 soit. en posant t = /8/a: 

= «" 2 A l fl m t m 

m= 0 

Les resultats du denombrement des circuits de 
n sauts donnent alors les coefficients A,! m 
donnes dans le Tableau 2, pour une lacune L 
en volume et un atome A place a un cran d’une 
surface (100): 

On peut alors exprimer le rapport R de 
I’energie de formation £f,. et de I’energie de 
cohesion E c en fonction du seul parametre 
t = /3/a et du remplissage de la bande d. Les 
Figs. 2, 3 et 4 donnent ainsi les resultats 
obtenus pour l’ensemble des metaux de transi¬ 
tion, en choisissant les valeurs t — 0,5, / = 0 et 
t — —0,5 pour les cubiques centres. On a re¬ 
presente egalement les valeurs experimentales 
de £|,. ou les valeurs deduites des energies 
d’activation Q pour 1'autodiffusion et des 
energies de migration calculees par Flynn [6], 
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Tableau 2. Coefficients A m (n) intervenant dans 
l’expression des moments p. n , pour une structure 
CC, la lacune faant criie en volume et I’atome A 
place d un cran d’une surface (100) 



n = 

2 

n = 3 


n = 4 




AJ" 

Ai* 

A,' 4> 

A 0 ,4 > 

Pn 

8 

6 

72 

216 

576 

90 

SpAL) 

-16 

-12 

-216 

-736 

-1824 

-288 

8n„(A) 

8 

6 

72 

216 

576 

90 

Sp-n 

-8 

-6 

-144 

-520 

-1248 

-198 


4. CONCLUSION 

Ainsi que le montrent les Figs. 2, 3 et 4, la 
methode developpee par Mme Cyrot[3] 
conduit a des valeurs de £f, reproduisant 
grossierement 1’evolution de l’6nergie de 
formation le long des trois periodes des metaux 
de transition. Le calcul est cependant assez 
grassier, etant donne les hypotheses utilisees: 

(i) une seule integrale de chaque type a et/3 
a ete retenue; cette approximation revient a 
utiliser une integrale moyenne des differentes 
integrates de recouvrement possibles, ce qui 
est justifie pour le moment d’ordre 2 mais 
discutable pour les moments d’ordre plus 
eleve. Cette correction ne devrait pourtant 
pas modifier radicalement les ordres de gran¬ 
deur obtenus. 

(ii) le fait' de negliger les relaxations atomi- 
ques autour du defaut lacunaire, ainsi que la 
polarisation des fonctions d’onde au voisinage 
du defaut doit introduire une erreur importante 
dans le calcul de £[ v ,. II est done difficile de 
determiner quelle valeur de /3/a conduit au 
meilleur accord avec les resultats experimen- 
taux. 


Un calcul de relaxation serait theorique- 
ment possible si Ton connaissait la variation 
des integrates de recouvrement a et/3 avec la 
distance. Une analyse de ce genre permettrait 
un calcul self-consistant de I’energie de forma¬ 
tion et de l’energie de migration d’une lacune 
dans un metal de transition. La variation de a 
et /J avec la distance est cependant trap mal 
connue a I'heure actuelle[7] pour qu’un tel 
calcul soit realiste. 
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Abstract —The far i.r. reflection spectrum of KMnF a single crystals was measured for various tempera¬ 
tures between 65°K and room temperature. A multi-phonon sideband near 261 cm' 1 was observed in 
the low temperature spectra, showing marked temperature discontinuities of the intensity at 88°K 
( = N6el temperature) and 190°K ( = temperature of the transition from cubic to orthorhombic phase). 
At 190°K, the sideband disappears abruptly. The group theoretical study of two-phonon processes 
in KMnFj suggests an interpretation in terms of symmetry dependent multiphonon selection rules. 
Careful analysis of the behaviour of the critical points of the first Brillouin zone at the phase transition 
from (V to i> 2 ii U ' shows the existence of R and M processes forbidden in the higher and allowed in 
the lower symmetry phase. A precise assignment of the reflection band can, however, not be given. 


1. INTRODUCTION 

It is well known to spectroscopists that 
the qualitative structure of infrared and 
Raman spectra of solid materials is strongly 
related to crystal symmetry. As an example 
we mention the changes in selection rules and 
the splittings of degeneracies observed for 
normal mode (one phonon) frequencies in 
diamond [1], KTa0 3 [2], and SrTi0 3 [3,4J 
when thd symmetry is lowered by the applica¬ 
tion of electric fields. In our paper we intend 
to show that i.r. spectra may be useful in 
revealing the symmetry dependence of 
multiphonon processes for crystals having 
phases with different structures. KMnF 3 
is an attractive material for the study of phase- 
change dependent phenomena, since its 
crystallographic structure is well known. 
X-ray data[5,6] reveal two phase transitions, 
at 184°K a change from cubic (0 ft ‘) to an 
orthorhombic (D 2h w ) phase and at 88°K 
(= Neel temperature) to another ortho¬ 
rhombic phase. Perry and Young[7] recently 
published infrared reflection and transmission 
spectra of several perovskite fluorides. In 
KMnF 3 they observed a strong extra reflec¬ 


tion band near 270 cm -1 which they tenta¬ 
tively assigned to TC^ + LO], T0 2 + LA, 
and/or 0 4 —TA two phonon transitions. 
We have measured the temperature depen¬ 
dence of this sideband between 65°K and 
room temperature in order to study the 
influence of crystallographic and magnetic 
phase changes on multiphonon processes. 
We found discontinuities at 190° and 88°K 
related to structural and magnetic transitions. 
Group theoretical considerations indicate 
symmetry-dependent multi-phonon selection 
rules. 

2. EXPERIMENTAL TECHNIQUES AND RESULTS 
Single crystals of KMnF 3 were kindly 
furnished by Dr. D. T. Teaney, IBM New 
York and by Semielements Inc., Saxonburg 
Pa. Our data were obtained from cleaved 
surfaces. The specular reflectance was 
measured using a Beckman I.R. 12 spectro¬ 
meter with a spectral resolution better than 
3 cm' 1 and equipped with a Beckman micro- 
reflectance cell. Thus the angle of incidence 
was about 40°. Samples were mounted on the 
copper finger of a cryostat covering the range 
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between liquid nitrogen and room tempera¬ 
ture. The temperatures were determined by 
a copper-constantan thermocouple welded to 
the sample holder and the experiment gave 
evidence that the temperature difference 
between sample and holder was smaller than 
1 °. 

Figure 1 shows the reflectivity of KMnF, 
at 85° and 300°K between 200 and 600 cm' 1 . 
The main bands correspond to the T0 2 
(!') and TO,., (T) single phonon modes[7] 
at 191cm -1 and 414cm -1 . The sideband 
appears in the low temperature spectrum 
near 270 cm -1 and it corresponds to two- 
phonon modes at 261 cm -1 [7]. Figures 2 
and 3 demonstrate the behaviour of the two- 
phonon sideband for temperatures in the 
vicinities of the two phase transitions. 
Marked discontinuities appear at 190° and 
88°K. The sideband vanishes above 190°K. 
The discontinuity at 190°K corresponding to 
the cubic-orthorhombic phase change occurs 
well above the 184“K determined by X-ray 
structure studies[5,6], This may be due to 
small amounts of Na in the KMnF,, furnished 
by Semi-Elements. Na impurities are known 
to increase the transition temperature[8], 
The slope of the reflectivity versus tempera- 



Fig. I Spectral reflectivity of a cleaved surface of a 
KMnFj crystal measured with an angle of incidence 
between 35° and 45°. 


ture curve at 260 cm -1 near 190°K (Fig. 2) 
is relatively flat compared with the slope of 




Fig. 2. Variation of the two-phonon sideband near I90°K. 
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ENERGY (cm- 1 ) TEMPERATURE (*K) 

Fig. 3. Variation of the two-phonon sideband near the Neel temperature. The crystal 
orientation differs from that of Fig. 1. This explains the different peak values of reflec¬ 
tivity at 270 cm" 1 . 


the corresponding curve at 267 cm -1 near 
88° K (Fig. 3). 

According to Beckman and Knox [6] 
the transition at 88°K is accompanied by a 
discontinuity of the lattice parameters, 
whereas at 184°K the arrangement of the 
atoms in the crystal varies continuously and 
only the symmetry undergoes a sudden 
change. Nevertheless, a sharp anomaly in 
the elasticity of KMnF a single crystals in the 
vicinity of the upper phase transition was 
found [8]. Figure 4 shows a speculative 
phonon-band structure at 85°K compiled from 
the data and suggestions of Perry and Young 
[7], From their calculations we have the 
impression that the assignments are arrived 
at from some kind of average energies of 
phonon branches at the zone boundary. The 
authors make no allowance for the distortion 
of the cubic symmetry existing at 85°K and 
its effects on the selection rules. 

3. SELECTION RULES FOR TWO-PHONON 
PROCESSES 

We should like to demonstrate that there 
may exist two-phonon processes forbidden 


KMn F s 



Fig. 4. Speculative dispersion curve compiled from the 
data given in [7]. The degeneracy of each branch at the 
zone boundary is given in brackets. The i.r. active one- 
phonon transitions as well as the possible two-phonon 
processes with 261 cm' 1 energy are indicated by arrows. 
No exact branch assignments at the zone boundary can 
be given. 
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for the cubic phase of KMnF 3 and allowed 
for lower symmetries. This fact would provide 
a plausible interpretation of the 190°K 
discontinuity in the reflection spectrum. The 
88°K discontinuity can be explained on a 
similar basis. At this temperature the sym¬ 
metry remains unchanged whereas the ratio 
c/a of the pseudocell dimensions decreases 
abruptly [6J. This results in a change of the 
band intensity, because the second order 
dipole moment responsible for the coupling 
of the two phonons depends on the atomic 
arrangement [9], 

KMnF ; , possesses inversion symmetry 
in all phases. Thus only combination states 
may be ir-active whereas two-phonon over¬ 
tones are forbidden [ 10, 11]. According to 
Birman [12-14] a two-phonon transition 
leading from the zero-phonon to the com¬ 
bination state 

|(k, m), (k' -- — k, m') > 
is dipole forbidden if the product 

D m {G (k))C - .£)"''((j(k')) 

does not contain the vector representation 

D vc,U)r (G(k" » ())), k" = k + k'. 

Here, k and k' are wave vectors of the 
critical points (c.p.) in the phonon dispersion. 
G( k) is the space group of k and D"\G 
(k)) indicates its irreducible representation 
based on the m-th irreducible representation 
of P(k) — G(k)/T(k) with the invariant 
subgroup of translations T(k). The calculation 
of this selection rule can be simplified using 
subgroups (e.g. P(k)) instead of the full 
space group symmetry [10,15, 16]. Following 
Elliot and Loudon (1 5] we consider the 
common factor group of the wave vectors 
k, k' and k". Therefore we have to classify 
the combination states according to irreduc¬ 
ible representations of 


According to Phillips [17] critical points in 
the phonon dispersion of the cubic phase of 
KMnF 3 are located at T, R, M and X in the 
first Brillouin zone [ 18,19] with 

P(V) = P(R ) = 0, 
and 

P(M) = P(X) = D 4h . 

At F we have [20] 

TA + LA, TO, + LO,, T0 2 + L0 2 , TO., + 

LO., = IV 

and 

O^ = 15 

with the nomenclature of Koster et al. [21 ]. 

In the orthorhombic phase we have a 
tetragonal unit cell containing four KMnF 3 
molecules [6] leading to a somewhat smaller 
volume of the first Brillouin zone than for the 
cubic phase (see Appendix A). The Brillouin 
zones for both phases are given in Fig. 5. 
It is shown in Appendix A that the c.p. of 
the cubic BZ (capital letters) become the 
following c.p. of the tetragonal D. ih 16 BZ 
(small letters), 

I’, R —* y 
X, M —■* y or m 

where the nomenclature of Koster[19] 
is used. As 0 2h 1K is non-symmorphic, only 
the irreducible representation for interior 
points of the first BZ can be constructed from 
point groups[19]. Thus for the case T, R, X, 
M -> y the symmetries P(r), P(R), P{ X) 
and P(M) become D 2ll in the orthorhombic 
phase (‘symmetry breaking’), as is shown in 
Appendix B. 

The compatibility conditions between 
0* (£)„,,) and D 2h are useful in establishing 
selection rules for either phase. Thus, at 
1 two-phonon transitions are dipole forbidden 
in the cubic as well as in the orthorhombic 
phase. Going from F to M , the irreducible 


P(k) = P(k' = — k) A F(k" - 0) = P(F). 
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representations M m + ~ of D ih compatible with 
r«- respectively IV can be found [18] 


rv 


or 


(M, + or M t + ) + (MS or MS) 

+ (MS or M 3 ~) 

M s ~-i-(M 2 - or M 3 ~) 


I’ 5 - -*• (MS or MS)+ (MS or MS) 

+ (Mi~ or M 4 ~) 
or 

M & ~ + (M t ~ or M 4 ~). 


Consider e.g. a combination state transform¬ 
ing according to MS ® Mf. Two-phonon 
transitions leading to such states are forbidden 
in the cubic phase because 

MS® MS = MS e M vei ‘ tor = Mr + MS 


whereas they are allowed in the lower sym¬ 
metry phase, the subgroup structure with 
respect to D 2h being 

MS ®M 3 ~ -» yS + 7i~ = 7a ~ 


and -y 3 _ is a component of the vector represen¬ 
tation 

72~ + 73 _ + 7rofD 2h . 

Only feW of the many possible two-phonon 
combination states show a change in the 
selection rule. At M, these are 


MS®M 4 and MS® MS- 


They are compatible with any of the three 
processes suggested by Perry and Young 
[7]. At R, the two phonon processes having 
an i.r. activity changing with symmetry are 


Rr® RS^nd R 2 ± ®>RS 


which can be correlated only with a com¬ 
bination state involving mixed subgroups of 
IV and IV- They are thus compatible only 
with O 4 -TA, but not with LO, +TOj or 


LA + TOj. At X, none of the processes 
suggested by Perry and Young [7] is symmetry 
dependent, as the compatibility and dimension 
of the representations le$d to the assignments 

I 

LA,LO = XSorXs 
TA, TO = XS or AV 


0< = (XS + XS)or(X 4 ~ + Xs). 


We therefore conclude that the two-phonon 
sideband at 270 cm -1 belongs to a M or R 
process rather than to an X process, being 
compatible only with TOi(M) + LO x (M), 
T0 2 (M) + LA(M ), 0 4 (M)-TA(M), and 

0 4 (R)—TA(R). This conclusion remains 
valid when the more involved case X,M -* m 
is considered (see Appendix B). The concept 
of decrease of the volume of the Brillouin 
zone by phase transition and its implications 
on phonon selection rules has been used 
earlier by O’Leary and Wheeler [22]. 

The main result of these group theoretical 
considerations is the existence of two-phonon 
processes in KMnF 3 forbidden in one and 
allowed in the other phase, i.e. the existence 
of symmetry dependent changes in the selec¬ 
tion rules for photon absorption [23] which 
may explain the striking behaviour of the 
ir activity of the 261 cm”' frequency. It is 
not the purpose of our work to give unambigu¬ 
ous branch assignments going essentially 
beyond the speculations of Perry and Young 
[7], Nevertheless, we slightly improved their 
speculative assignments by excluding all 
A-processes and part of the ^-processes 
for the 261 cm -1 phonon frequency. 

4. DISCUSSION 

As KMnF 3 is antiferromagnetic below 
T n = 88-3°K one might suggest that magnetic 
effects are involved in the interpretation of the 
261 cm ' 1 sideband and its temperature 
behaviour. The difference of the sideband 
and T0 2 (191 cm' 1 ) energies is approximately 
the magnon energy in KMnF 3 at the edge of 
the BZ[24,25], Thus one might be led to the 
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conclusion that a magnon sideband of T0 2 
is observed in the 191 cm' 1 reflectivity. But 
this must be excluded, for it has been shown 
[261 that KMnFa magnon sidebands usually 
appear only at temperatures well below T N . 
One still might be inclined to ascribe at least 
the 88°K discontinuity to the effect of magne¬ 
tic ordering, as the exchange interaction may 
contribute to the forces between the ions by 
means of phonon-magnon interaction. The 
form of the temperature dependence and the 
order of magnitude of the effect as measured 
in our case seem to deny this explanation: 
Weak effects of magnetic coupling on theT0 2 
phonon energy in KNiF ;) (cubic above and 
below Tv) have been reported recently 
[27] showing a saturation-like temperature 
dependence below Tv similar to theoretical 
results obtained by Baltensperger and 
Helman{28|. A temperature behaviour of 
the same kind has been observed for the 
intensity of an electronic band in the optical 
spectrum of KNiF 3 [29]. Thus, also for 
KMnF a an influence of magnetic long range 
ordering on the phonon spectrum may be ob¬ 
served well below T v . The 88°K discontinuity, 
however, has to be attributed to the crystallo¬ 
graphic change occuring at this temperature. 

The interpretation of the 261 cm' 1 sideband 
by one phonon processes should be rejected 
as well. The activation of 0 4 (l’) = IV <i-r. 
inactive in the cubic phase [20]) by the 
lattice distortion below 190°K, though being 
allowed by group theory, cannot account for 
the observed sideband because the magnitude 
of the energies is too high[7,20]. Group 
theory would also predict a splitting of the 
doubly degenerate TO s (T) mode for the 
low temperature phase. It is in this way that 
Last[30] and Ballantyne[31] interpret a 
sideband occuring in low temperature 
BaTiO s spectra. Yet in our case this splitting 
would be rather large (70 cm -1 ). Moreover, 
the nature of the 190°K phase transition 
[6] ought to lead to a temperature dependent 
frequency splitting, whereas we observed a 
sideband with constant frequency but with 


temperature dependence of the intensity. 
This clearly has to be explained by tempera¬ 
ture dependent transition probabilities of the 
given processes rather than by a splitting. 
Thus, the interpretation of the sideband by 
two-phonon processes in connection with the 
theory developed in Section 3 seems to be 
valid. 

5. CONCLUSIONS 

We measured the temperature dependence 
of a sideband in the i.r. reflection spectrum 
of KMnF a and discovered marked dis¬ 
continuities at phase transition temperatures. 
In addition we studied the group theory of 
two-phonon processes in the Asa 18 and O/, 1 
phases of this solid material. The existence 
of two-phonon processes undergoing a 
symmetry dependent change of selection 
rules was clearly established. We should 
therefore like to explain the discontinuities 
observed with the aid of group theoretical 
selection rules. As a by-product, the group 
theoretical considerations reveal that the 
sideband has to be assigned to a two-phonon 
transition at the c.p. R or M rather than at 
X without yielding, however, further precise 
phonon branch assignments. 

Crystals with inversion symmetry usually 
do not have too many i.r.-active two-phonon 
transitions. Among these, only few can 
possess symmetry dependent i.r.-activity. 
Thus the 261 cm -1 band of KMnF 3 has to be 
considered as a rather rare case. The study 
of the temperature dependence of the Raman 
spectrum of this crystal seems to yield 
further interesting results in connection with 
phase transitions [32]. 
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APPENDIX A. THE BRILLOLIN ZONES FOR CUBIC 
AND ORTHORHOMBIC KMnF, 

Consider a primitive Bravaisilattice generated by three 
vectors c,. The corresponding reciprocal lattice is 
spanned by the (up to a factor 2n) dual basis {C,} 
defined by 


c,C, = 2ir6„ (i,/=1,2,3). (Al) 

The choice of another unit cell (and, consequently, new 
basis {tj}) in the direct lattice is equivalent to a linear 
transformation described by the real matrix a u = A, 


c ( = 2 OiAf (A2) 

j-i 

The corresponding new basis T, of the reciprocal lattice 
is defined by 


t/T* = 2ir8 w (/.A — 1.2,3). (A3) 

The related linear transformation in the reciprocal lattice 
may be described by the matrix b k , = B, 

T*= £ b kl C,. (A4) 


In order to determine the matrix B, consider the products 
c, T*. Inserting (A2) and (A4) respectively leads to the 
equation 


2 


/=! 


3 


b k ie,C, — 2) a u t)T 
j-i 


Accounting for (A I) and (A3) yields 

b k < = au, (A5) 

consistent with the well known theorem of linear algebra 
133] saying that the dual transformation is described 
by the transposed matrix, B = A T . 

The cubic cell of the high-temperature phase respec¬ 
tively the tetragonal pseudocell of the low-temperature 
phase of KMnF 3 are given by the basis vectors 

c, = a( 1,0,0) 

Cj = o(0,1,0) 

c 3 = r(0,0,1). 


This being an orthogonal system, the corresponding 
basis of the reciprocal lattice is 


C| 


= —( 1 , 0 , 0 ) 

a 


c, = 
C 3 = 


— ( 0 . 1 , 0 ) 
a 

2tt 

— ( 0 , 0 , 1 ) 

c 


(A6) 
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where we have c**a for the cubic <CV) phase and 
c — o for the orthorhombic (D lh “) phase. Following 
Beckman and Knox|3] the D,**' tetragonal cell can be 
chosen such that the basis vectors for the orthorhombic 

phase are 


E.g. we find that 

R = (- .-) = (C, + C 8 + C,) \ 

\u a <7 2 

of the O ft ' Brillouin zone by virtue of (A7) becomes 


t, =c,+c, 

t, =c, -Cj 

Ij “ 2c,. 


_ _ /wV2 7t\ 

T , + T, = (— 


Thus, in the sense of (A2), we have 



Using (A5) we obtain the basis {T,} of the reciprocal 
lattice for the orthorhombic phase. 


which is a vector of the D,*'" reciprocal lattice and there¬ 
fore is equivalent to (0,0,0) = y of the £>,*'* Brillouin 
zone. Similarly, the conversion of the other c.p. is 
computed. The results are 

F —» y R —> y 

X = X' m, X = X" -» y 
M = M' —* y, M ~ M" —* m. 


T, = |(C, + C,) 

Tj = ^ (C, — C a ) (A7) 

T, — ^ C, 

Now, (A6) and (A7) allow us to draw the first Brillouin 
zones for both phases as shown in Fig. 5. Furthermore, 
(A7) helps us to study the behavior of the critical points 
F, R. X. M of the cubic phase for a transition to the 
orthorhombic phase. As the cubic unit cell becomes the 
tetragonal pseudoccW (r * a), the c.p. X as well as M 
split into non equivalent subsets, namely 

X' - -(l.0,0)etc.,r = -(0,0,1)etc.. 
a c 

M' = -(1.1,0) etc., M" = 0, etc. 

a \n c) 



Fig. 3. First Brillouin zones for the cubic lattice and for 
the tetragonal lattice of KMnF,. Capital letters denote 
symmetry points for O*', small letters those for D lh n . 
Only those D,*" 1 symmetry points needed for our selec¬ 
tion rules are given. In the cubic phase (r = a) X' and 
X“ as well as M' and M" are equivalent, being called 
A" and M. 


Here, capital letters denote the c.p. of the cubic, small 
letters (hose of the orthorhombic phase. 


APPENDIX B. THE GROUPS OF THE 
CRITICAL POINTS FOR CUBIC AND 
ORTHORHOMBIC KMnF, 

The space group G of KMnF 3 in the low temperature 
phase is the non-symmorphic group D^ h ' e = Pbnm. The 
symmetry operations g e G thus have the form 

g = (a|v„ + R„). 

The operations 

K = i n, t, 

t=i 

with n, = integer, |t,| = |t 2 | = aV2, |t,| = 2r, and t, 
orthogonal to tj*< (as described in A), form the translation 
group T of the Bravais lattice. The rotation or reflection 
part of g is denoted by a. The translation part of those 
operations involving gliding planes or screw axis is given 
by v„. The operations (a|v„) are [34] 

E, (/|0)= /, 

(C,|v), (Oft|v) 

(Q|v'), (tr',] v *) 

(Cj|v"), (o'/Jv") 

with the translation vectors 

v = 2 ^ W = j * C| "F Cj + 2c,) 

v ’ = 2 + U + •») = c i + c, 

e" = ^/ 2 = i(Cj-c,) 

the vectors v and v" belong neither to the D 2/l 18 tetragonal 
lattice 
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i-i 1 

nor to the tetragonal pseudo\alhct respectively cubic 
lattice 

2 '»(«(■ 

f-1 

Thus, Am 18 is not simply a subgroup of O ft ‘. 

According to A, we have to study the groups belonging 
to the critical points 

y = (0,0,0) 
and 

m = 2 C| = 5 (7 '' + T 2 ) 

only. Up to isomorphism, P(y) is obtained by putting all 


v„ equal to zero. Thus P{y) is isomorphic to D u , which is 
a subgroup of the symmetries. P(D = ftR) = O* as well 
as P(X") = P(M') = D,„ valid in the cubic phase, and the 
compatibility can be studied directly using standard tables 
[21], For m, however, we find P(m)~ GIT = the com¬ 
plete factor group of D ik l \ which is not a point group 
or direct product of point groups and thus is not contained 
in P(X') = P(M") = D, h as a subgroup. Hence the 
simple concept of symmetry lowering by going to a sub¬ 
group does not work. Our interest is, however, restricted 
to the implications for selection rules of those symmetry 
operations that disappear when we go from the cubic 
to the orthorhombic phase. Therefore we may consider 
only the compatibitlity of 

A* -♦ D tk A Pirn) = C,. 

With the aid of standard tables [21 ] we again find that none 
of the X" processes has the quality of being allowed 
in the orthorhombic and forbidden in the cubic phase. 
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Abstract— Gypsum single crystals have been irradiated with different doses of neutrons and their 
hardness determined by a Vicker’s microhardness indentor. It is observed that the hardness of the 
irradiated crystal decreases with the increase in the total dose of irradiation with neutrons and the 
variation of hardness within the irradiated crystal is similar to that of the crystal heated to the dehydra¬ 
tion temperature and then allowed to cool. From the Laue X-ray diffraction studies of irradiated 
crystals, distortion of the lattice is observed and it is shown that similar distortion in the lattice is 
produced when the crystals are heated to the dehydration temperature and cooled. Infra-red absorp¬ 
tion studies of the irradiated, heated and the unirradiated crystals have been made. Less extended 
peaks relating to lattice water and peaks relating to free sulphate group on the irradiated and heated 
crystals are identified. The implications are discussed. 


INTRODUCTION 

It is an established fact that when crystals are 
irradiated with neutrons, their hardness, mech¬ 
anical properties and the structure etc., under¬ 
go some change. Vaughan and Davissonfl] 
have reported that lithium fluoride hardens by 
neutron irradiation. Gilman and Johnston[2] 
have concluded that the hardening of lithium 
fluoride, on neutron bombardment, along with 
a change in colour is due to the formation of 
cluster defects. Both ordered and disordered 
alloys of. AuCu :i increase in hardness as a 
result of irradiation according to Dienes’ 
review[3]. He had mentioned that water 
undergoes dissociation under the action of 
radiation. Hardness changes were studied by 
Damask [4] who found that the rate of wear 
of gramaphone styli was greater after than 
before irradiation. Wilks [5] has reported that 
a neutron irradiation reduced the hardness of 
diamond. Maximum change occurred on the 
octahedron face and the minimum on the 
dodecahedron face. Berzina and Berman [6] 
have studied the propagation of dislocations 
in proton irradiated ionic crystals by the etch 
figure star surrounding the indentor. It is 
observed that the hardening shortens the 
rays of the etch figure star. Billington and 


Crawford[7] have reported that the amount of 
irradiation is measured in terms of increase in 
the lattice constant in the case of diamond. 
X-ray diffraction of irradiated diamond has 
given the evidence of the presence of thermal 
spikes. Hass and Sutherland [8] have studied 
the infra-red absorption spectrum of gypsum 
in detail. 

It is well known that the X-ray technique is 
a powerful tool to diagnose precisely the 
damage that may have occurred in the crystal 
lattice due to irradiation. We have utilized 
this technique in our present investigations. 

This paper deals with the studies made 
on natural and neutron irradiated gypsum 
crystals. These studies have been classified 
into three different groups: 

1. Studies on measurement of hardness. 

2. X-ray diffraction studies. 

3. Studies on infra-red absorption spectra. 

Irradiation process 

Natural single crystals of gypsum supplied 
by R. F. D. Parkinson, England, of transpar¬ 
ent quality were selected for the present 
investigations. Several matched pairs of these 
crystals were obtained by cleaving and one 
part of each of them were placed in polythene 
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bags and scaled. They were then placed in 
aluminium containers which were hung with 
threads outside the core of Swimming Pool 
Apsara Reactor at Trombay, India, and 
irradiated with neutrons with the dose of 
lO‘*n/cm J /sec for 8 hr, 12 hr, 16 hr, 20 hr and 
24 hr (i.e. total dose of 2-8 x 10 18 , 4-3 x 10' 8 , 
5-76 X10 16 , 7-2 x 10' 6 and 8-66 X 10 16 nvt) 
respectively. The containers were then taken 
out and were allowed to remain at room 
temperature till the activity of the crystals 
died down. Their counterparts were preserved 
in the laboratory. 

EXPERIMENTAL 

The hardness of the crystals was determined 
by indenting them with Vicker’s hardness in- 
dentor. The X-ray diffraction patterns were 
obtained with the help of Philip’s X-ray unit, 
model P.W. 1012/00 N.R. 1016. Infra-red 
absorption spectra of irradiated, heated and 
the unirradiated gypsum have been recorded, 
on a Carl Zeiss infra-red spectrometer model 
U.R. H). 

OBSERVATIONS 
(a) Measurement of hardness 

The crystal cleavages, both irradiated and 
unirradiated were indented with the Vicker’s 
microhardness diamond indentor at different 
sites with the requisite load (1 g in the present 
case) and the mean of the diagonals of 25 
indented impressions was calculated and 
from these values, the Vicker’s hardness 
numerals (V.H.N.) were obtained as shown 
in Table 1. 


Table 1 


Particulars 

V.H.N. 

(kg/mm a ) 

Unirradiated 

18-60 

Irradiated dose 


2-8 x to 1 ® (nvt) 

14-40 

4-3 x 10'* (nvt) 

11-03 

5-76 x 10" (nvt) 

9-00 

7-2 x 10" (nvt) 

6-40 

8-66 X 10" (nvt) 

5-30 


One of the irradiated cleavages was indented 
and then etched in analar grade nitric acid 
for 1 min. That analar grade nitric acid is a 
reliable etchant to reveal dislocation sites in 
gypsum has been reported by Patel and 
Raju[9]. The etch pattern produced is shown 
in Fig. 1. It is clear from the figure that the 
indented mark turns out to be a single pit 
during etching as no etch figure is formed 
around it. 

In order to see, whether the load affects the 
production of etch figure star, they were 
indented with different loads varying from 
1 to lOOg and to our surprise, no etch 
figure star was produced on etching them. 
The etch figure star was also not obtained 
by indenting and etching an unirradiated 
cleavage. 

Variation of microhardness within the body 
of the irradiated crystal at different depths. 
In order to study the effect on the micro¬ 
hardness due to irradiation, the crystals, 
irradiated with different doses, were cleaved 
into five thinner flakes and their thickness 
measured. They were then indented with I g 
load and V.H.N. calculated at different depths 
from the surface. The observations are shown 
graphically in Fig. 2. It is seen from the figure 
that the hardness increases as one moves 



Thicto*u,p 


2. Graph showing variation of microhardness at 
different thicknesses of irradiated crystals. 




Fig. 1. An indented irradiated cleavage etched in 
nitric acid, x 350 



Fig. 3. Laue pattern of unirradiated crystal. 



Fig. 4. Laue pattern of irradiated crystal. (8-66 x 
10 ,e nvt). 


[Facing page 332] 


Fig. 5. Laue pattern of heated crystal at 80°C 
for 50 hr. 


/ 



Fig. 6. Laue pattern of heated crystal at 100°C 
for 50 hr 
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within the body of the crystal, becomes maxi¬ 
mum at the centre and then decreases again. 
It was verified that etching did not produce 
the etch figure star around the indentation 
marks at different depths. 

It may be mentioned that the microhardness 
was practically constant at all depths within 
the body of the unirradiated crystals. 

In order to investigate into the cause of 
reduction of hardness on irradiation, several 
freshly cleaved gypsum cleavages were heated 
in a constant temperature air-oven at 40°, 60°, 
80° and 100°C for 24 hr and their microhard¬ 
ness were measured. The microhardness 
practically remained constant for specimen 
heated at 40°, 60° and 80°C while the micro¬ 
hardness of the crystal heated at 100°C could 
not be measured as it turned white due to 
dehydration. It was thought worthwhile to 
study the variation of microhardness, if any, 
when heated at a little lower temperature than 
100°C for different periods. Hence the crystal 
cleavages were heated at 95°C for 4 hr, 8 hr 
and 12 hr respectively and the V.H.N. were 
determined as recorded in Table 2. 


Table 2 


Duration of heating 

V.H.N. 

at 95°C 

(kg/mm 2 ) 

4 hr 

18-54 

8 hr 

10-77 

12 hr 

7-50 


It is seen from Table 2 that increase in the 
heating period decreases the hardness of the 
crystal. It may be mentioned that even at 
80°C if the crystal is heated for a prolonged 
time, an appreciable change in hardness is 
observed. A crystal was heated at 80°C for 
50 hr. It was then cleaved into five flakes 
when cooled and the V.H.N. at different 
depths were obtained as recorded in Table 3. 

It is seen that the heated crystal is softer at 
the surface than within the body of the crystal. 


Table 3 


Face 

No. 

V.H.N, 

(kg/mm 2 ) 

Thickness in) 
below the top surface 

| / 

12-87 

■ 0 

2. 

16-19 

280 

3. 

17-02 

512 

4. 

18-40 

823 

5. 

14-27 

1080 

6. 

12-68 

1460 


(b) Laue X-ray diffraction 

In order to determine any structural changes 
in the crystals due to irradiation or heating, 
Laue X-ray diffraction patterns of the irradia¬ 
ted and heated crystals were obtained. Thus 
Figs. 3,4, 5 and 6 show respectively the X-ray 
diffraction patterns of the unirradiated, ir¬ 
radiated (total dose: 8-66 x 10 I6 nvt), heated at 
80°C for 50 hr and the crystal heated at 100°C 
for 50 hr. It may be mentioned that the crystal 
heated at 80°C for 50 hr was translucent 
whereas the crystal heated at 100°C was 
almost white in colour. The irradiated and 
unirradiated crystals were transparent. 

The following points merit discussion: 

1. The symmetry of the diffraction patterns 
in all the Laue photographs is almost the 
same. 

2. To every ‘spot’ on the Laue pattern of 
the unirradiated crystal, there is a corres¬ 
ponding ‘streak’ on the Laue pattern of 
the irradiated crystal (compare Figs. 3 
and 4). 

3. The crystal heated at 80°C for 50 hr 
shows the beginning of the ‘streak forma¬ 
tion’ in its Laue photograph (compare 
Fig. 5 and Fig. 3), whereas the crystal 
heated at the dehydration temperature 
shows ‘elongated streaks’ (Fig. 6). 

It was verified by obtaining Powder photo¬ 
graphs of both irradiated and the unirradiated 
crystal that there was no significant change in 
the lattice constant due to neutron irradiation. 

(c) Infra-red absorption spectra 

The infra-red absorption spectra of irradia- 
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ted, unirradiated and heated gypsum crystals 
of approximately equal thicknesses are taken 
under almost identical conditions and the 
peaks related to free sulphate group and lattice 
water are compared (Fig. 7). The details of the 
absorption peaks are recorded in Table 4. 



Fig. 7. Infia-red spectra of water and sulphate region of 
heated, irradiated and unirradiated gypsum crystals 


It is clear from Table 4 and Fig. 7 that both 
irradiated and heated crystals show absorp¬ 
tion peaks relating to free (S0 4 ) 2 ~ ions. The 
breadth of the absorption peak due to lattice 
water in the case of irradiated crystal is less 
extended compared to the corresponding 
peaks of heated and unirradiated crystals. 

DISCUSSION 

1. The fact that the hardness of the irradia¬ 
ted gypsum within the body of the crystal 
changes exactly in the same way as those of 
the unirradiated crystals when they are heated 
at or near the dehydration temperature and 
cooled, suggests* that the crystals might have 
been heated due to irradiation. It is also quite 


probable that associated gamma rays might 
have contributed to the heat treatment besides 
the effect of energetic neutrons. In the case of 
irradiated crystal, the neutrons dissipate 
energy utilised in rupturing lattice water by 
breaking OH bonds, as they penetrate the 
crystal from the surface to the interior. As the 
lattice water is sandwiched between strong 
double layers of calcium sulphate [10], the 
probability of the rupture of water of crystal¬ 
lisation is more at the surface than in the 
interior. Hence the damage caused in the 
interior of the crystal will be less than that at 
the surface. In the case of heated crystals, 
outer layers are first heated and the lattice 
water at the surface is first damaged and 
continues inwards. In this case also, the 
damage will be more at the surface than in 
the interior as observed. 

By etching an indented cleavage (irradiated 
or unirradiated), neither new pits emerge 
around the indentation mark nor the etch 
figure star is formed, suggest that the plastic 
flow is practically nil in the crystal at the 
room temperature. 

2. The formation of ‘streaks’ in the Laue 
patterns of the irradiated as well as heated 
crystals corresponding to well defined ‘spots' 
of the unirradiated sample strongly suggests 
that, due to neutron irradiation and heating, 
the lattice gets distorted. Comparison of the 
Laue patterns of the heated crystals reveals 
that the lattice distortion depends on the 
temperature at which the crystals are heated 
and is maximum at dehydration temperature. 
It may be mentioned that increase in the dose 


Table 4. Observed absorption peaks 


Region 


Unirradiated Irradiated 


Heated 


Free (SO.) s - 
ions peak at 

Absent 

Predominent 

Less 

1200 cm" 1 

Lattice water 

(3100-4000) cm' 1 

(3270-3650) cm" 1 

predominent 
(3200-3700) cm" 

peak at <3000- 
3700) cm' 1 
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of irradiation increases the distortion in the 
lattice. 

3. The less extended (OH) absorption 
bands of lattice water in the irradiated sample 
compared to the heated and unirradiated 
samples, suggest that water molecules fully 
associated due to O- and H- bondings with 
CaS0 4 molecule in normal untreated gypsum 
crystal might have been partly dissociated due 
to rupture of any of its H-bonds with the 
oxygen of the sulphate ion or with Ca 2+ ion 
through its oxygen atom of water. The peak 
corresponding to free sulphate ion present in 
irradiated and heated crystals but absent in 
unirradiated samples strongly suggests that 
the crystal on irradiation has undergone 
dissociation. 

We, therefore, conjecture that the neutron 
irradiation of gypsum causes : 

1. the reduction in hardness, which may be 
due to the decrease in the cohesive 
energy of the ruptured H- and O-bondings 
of lattice water; 

2. ‘lattice distortion’ revealed by ‘streaks’ 
in X-ray diffraction patterns; and 

3. nuclear heating due to neutrons and 
y-rays which may partly rupture lattice 


water and in turn sulphate group, causing 
dissociation. 

Acknowledgements -The authors are grateful to the 
Atonyc Energy Establishment,Commission, Trombay for 
getting the crystals irradiated and for financial assistance, 
without which, this work would not have been done. We 
thank Professor R. D. Patel, Professor and Head, 
Department of Chemistry, Sardar Patel University for 
his kind permission to use infra-red spectrometer and 
doctors K. C. Patel, R. P. Patel and S. R. Patel for their 
kind help and valuable suggestions in the infra-red studies. 


REFERENCES 

1. VAUGHAN W. H. and DAVISSON J. W„ Acta 
Met. 6.554(1958). 

2. GILMAN J. J. and JOHNSTON W. G., J. appl. 
Phys. 29, 887(1958). 

3- DIENES, G. J.. Particle Radiation effects in solids. 
Annual Review of Nuclear Science Vol. 2, pp. 195. 
215(1953). 

4. DAMASK A. C..J. appl. Phys. 29, 1590(1958). 

5. WILKS, E. M.. Ind. Dia. Rev. 27, 110(1967). 

6. BERZINA I. G. and BERMAN 1. B.. Soviet Phys. 
Crystallogr. 9, 202 (1964). 

7. BILL1NGTON D. S. and CRAWFORD J. H„ 
‘Radiation Damage in Solids'. Clarendon Press, 
Oxford (1961). 

8. HASS M. and SUTHERLAND G. B. B. M.. Proc. 
R.Soc. A236. 427(1965). 

9. PATEL A. R. and RAJU K. S., Acta crystallogr 
23.217(1967). 

10. WELLS A. F.. Structural Inorganic Chemistry. 
2nd Edn, p. 440. Clarendon Press, Oxford (1950). 




J. Phys. Chem. Solids Pergamon Press 1970. Vol. 3l,pp. 337-353. Printed in Great Britain. 


DEFECTS IN ZnS/ZnSe MIXED CRYSTALS-II. 
THE PARAMAGNETIC ^-CENTERS IN CUBIC 

ZnS,_ x Se x 

JURGEN SCHNEIDER 

Physikalisches Institut der Universitat, and Institut fur Elektrowerkstoffe der Fraunhofer- 
Gesellschaft, Freiburg/Br., Germany 

BERNHARD DISCHLER and ARMIN RAUBER 

Institut ftir Elektrowerkstoffe der Fraunhofer-Gesellschaft, Freiburg/Br., Germany 

{Received 23 December 1968; in revised form 5 June 1969) 


Abstract-Associate defect centers formed by zinc vacancies, T Zn . and substitutional group-VII or 
group-IH impurity ions have been investigated by electron spin resonance in ZnS,- x Sej. mixed crystals. 
-These centers form deep acceptor states and are converted into a paramagnetic state by supplying a 
photo-excited hole. Apart from the V Zn S 3 CI and V z „S 3 Br cluster (halogen /4-center), which had been 
previously analysed in pure ZnS. the following clusters were analysed in detail: V Zn S 2 SeCI. V z „S 2 SeBr, 
V Zn SSeXI and V z „SSe 2 Br. For centers of the type V z „S 2 SeX, hyperfine interaction arising from the 
isotope Se 77 could be detected. Here, the unpaired hole is found to be strongly localized in an atomic 
4/>-orhital directed towards the zinc vacancy. In centers of the type V Zn SSe 2 X the unpaired hole’s 
wavefunction must be described by an antibonding molecular orbital, centered at the two selenium 
sites. Selective quenching of the paramagnetic centers V Z „S 3 X, V Zn S 2 SeX and V Zn SSe 1 X occured by 
illumination with near-infrared light, peaked at T4, 1-6 and 1 -8 eV. respectively. The process is inter¬ 
preted as a hole transfer into states close to the valence band edge. 


1. INTRODUCTION 

The halogen A-center is a dominant im¬ 
purity defect in ZnS. It is formed by the assoc¬ 
iation of a twofold negatively charged zinc 
vacancy with a Cl~, Br~ or J~ ion, occupying 
a nearest sulfur site [ 1 ]. Such a complex can 
be converted into a paramagnetic state by 
supplying a photoexcited hole. Previous elec¬ 
tron spin resonance (ESR) investigations, 
which were performed mainly on ZnS crys¬ 
tals of the cubic type, have shown that the 
unpaired spin is mainly localized on the three 
sulfur sites around the zinc vacancy. Because 
of this degeneracy, associated with the three 
sulfur sites, a spontaneous Jahn-Teller type 
distortion of the complex takes place and the 
symmetry of the center will be lowered from 
C 3 „ to C s . As a result of this distortion, it is 
now energetically more favorable if the un¬ 
paired hole finds itself localized on only one 
of the three possible sulfur sites [2,3]. How¬ 
ever, as the temperature is increased, a ther¬ 


mally activated hopping of the unpaired spin 
among the three distorted sites occurs and, in 
the time average, the center regains axial 
symmetry, C 3r . This behaviour had been ob¬ 
served experimentally for the chlorine and 
bromine A -center in ZnS [4]. 

In cubic ZnS, a different type of A -center, 
formed by association of a twofold negatively 
charged zinc vacancy with an Al 3+ or Ga 3+ 
impurity ion, occupying a nearest zinc site, 
has also been observed[3,5]. Here, the sym¬ 
metry of the A -center is C„ already in its 
diamagnetic charge state. An unpaired hole 
is then bound to stay localized on only one 
sulfur site. Consequently, due to the lack of a 
site degeneracy, no thermally activated spin 
hopping can occur in these centers. 

The formation of A -centers appears to be 
favoured also in other tetrahedrally coordina¬ 
ted host lattices. ESR of the chlorine A -center, 
in its spontaneously distorted state, has been 
reported for ZnSe[6], and in BeO, the fluorine 



338 


J. SCHNEIDER. B. D1SCHLER and A. RAUBER 


and boron /4-center can be detected by the 
game technique [7]. On the basis of optical 
investigations on bound excitons, the exis¬ 
tence of halogen and aluminum ^-centers in 
CdS has been postulated by Thomas and 
Dingle [8]. Finally. Williams (9] has presented 
evidence that /1-centers are responsible for 
certain luminescence bands in GaAs. Here, 
the A -center should be formed by association 
of a gallium vacancy with a group-I V or group- 
VI donor. 

We now come to the motivation of the 
present paper and ask what happens if one of 
the three sulfur atoms in a halogen A -center in 
ZnS is replaced by a selenium atom. Such 
centers are likely to exist in ZnS,_ J .Se J . mixed 
crystals. If such a complex traps a photo- 
excited hole, one expects that the defect 
electron will show a strong preference for the 
selenium site, because the valence electrons 
of the two neighbouring sulfur atoms are more 
tightly bound. Therefore, the symmetry of the 
center is again C H . We then expect that the 
electronic structure of this center bears a 
close resemblance to that of the Jahn-Teller 
distorted chlorine A -center in ZnSe [6|. 

A different case is encountered when in a 
ZnS, .rSej. mixed crystal a zinc vacancy is 
surrounded by two selenium, one sulfur and 
one chlorine atom. Here, it will be shown that 
the unpaired spin is localized in a molecular 
orbital centered at the two selenium atoms. 

The notation used in this paper follows that 
given in our previous paper on paramagnetic 
point defects in ZnS|_j.Sej mixed crystals 
f 10]. It gives the composition of the first shell 
around the zinc vacancy, including the group- 
VII impurity. Calculated relative probabilities 
for the diamagnetic /f-centers V Zn S :l CI, 
V Zn S 2 SeCI, V Zn SSe 2 CI and V Zn Se 3 Cl as a 
function of the ZnS:ZnSe mixing ratio are 
shown in Fig. 1. This diagram is valid under 
the condition that the occupation of the lat¬ 
tice sites around the zinc vacancy is solely 
governed by the laws of statistics. 

For a group-111 impurity, the notation has 
to include the first and second shell around the 



Fig. I. Statistical probabilities for finding in the first 
chalcogen shell around the fourfold coordinated zinc 
vacancy three sulfur atoms. 3-S, or two sulfur and one 
selenium atom. I-Se, etc. The extension to the right is 
a mirror image of the displayed range, where the roles of 
S and Se are interchanged. 

zinc vacancy. The statistical probabilities for 
the diamagnetic A -centers T Zn S 4 Zn,,Al. 
VznSgSeZn,,Al, V z „S 2 Se 2 Zn u AI, V Zn SSe 3 - 
Zn,,Al and V Zn Se 4 Zn n Al as a function of 
the ZnS.ZnSe mixing ratio is slightly different 
from that given in Fig. 1. Here, the diagram 
given previously in Fig. 1 of 110] applies. 

2. EXPERIMENTAL PROCEDURE 
The samples investigated in this study were 
prepared by Mr. F. Friedrich. The chemical 
transport reaction was used with HCI. HBr 
or J 2 as transporter. By this method, purely 
cubic ZnS^jSej. crystals were obtained, 
which showed the ESR spectra of the corres¬ 
ponding halogen /f-centers. The doping of 
ZnS,_ x Se x crystals with aluminum or gallium 
was accomplished by adding traces of these 
metals to the ZnS^Sej. powders and trans¬ 
porting the mixture with iodine. It appears 
that in the presence of Al or Ga the formation 
of the iodine A -centers is suppressed in favour 
of thg aluminum or gallium A -center, respec¬ 
tively. Attempts to grow ZnS^j-Te^ mixed 
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crystals by the chemical transport reaction 
were not successful. 

The ESR spectra were observed at 77°K 
with a Varian spectrometer operating at 
9 GHz. Since the ^-centers are normally 
diamagnetic, they had to be converted to the 
paramagnetic state by u.v. illumination, using 
the 365 nm Hg line. Reconversion to the dia¬ 
magnetic state occurs upon subsequent illum¬ 
ination with visible or near infrared light from 
a tungsten wire lamp. Both processes can be 
conveniently monitored on the ESR spectro¬ 
meter, and in this connection we use the 
words ‘excitation’ and ‘quenching’ of a para¬ 
magnetic .4-center. For the investigation of 
the spectral dependence of the quenching, the 
intensity of the incident light was kept cons¬ 
tant by means of a thermopile. 


3. ELECTRON SPIN RESONANCE RESULTS 
We have observed the ESR spectra of A- 
centers containing Cl, Br, A1 or Ga as im¬ 
purity. Some of them were analysed in detail. 


V Zn S t SeCl 

The ESR spectrum of a HC1 transported 
cubic ZnS^^Sej. (x = 0-005) single crystal, 
recorded for H||[lll], is shown in Fig. 2. 
Most of the lines in the spectrum appeared 
after u.v. illumination. Three prominent 
signals are seen in the low and high field 
part of the spectrum. We assign these lines 
to the chlorine A -center with one selenium and 
two sulfur atoms around the zinc vacancy, i.e. 
to the V Zn S 2 SeCl center. This interpretation is 
corroborated by the observation of hyperfine 
structure (hfs) satellite lines, originating from 
the interaction of the unpaired spin with the 
nuclear spin / = £ of the 7-5 per cent abundant 
isotope Se 77 , see Fig. 2. Three additional sig¬ 
nals in the ESR spectrum can be assigned to 
the M, = — £ -*■ + i transition of the photosen¬ 
sitive ions Cr + [11] and Fe 3+ [12], occupying 
undisturbed cubic zinc sites, and to the trigon¬ 
al FeS : ,Se cluster[10]. The single line typical 
for the ESR spectrum of the V Zn S 3 Cl center 
at 77°K[4] is also apparent. The remaining 
signals arise possibly from V Zn S 3 Cl centers 



Fig. 2. ESR spectrum of the V 7n S 2 SeCI center in an HCI-transported cubic ZnS,_#Se.r 
crystal under H||[UI]. For comparison, the ESR spectrum of the V Z „S : ,CI center in 
pure ZnS is shown below. Resonance lines due to the Or* ion and to Fe* + ions on cubic 
sites and in the trigonal FeS,Se cluster can also be identified. 
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which arc slightly distorted by the influence 
of selenium atoms occupying second nearest 
or more distant sulfur sites*. The angular 
dependence of the ESR spectrum of the 
V Zn SjSeCI center was taken for a rotation of 
the magnetic field in a (Oil) plane and is 
shown in Fig. 3. Such a diagram results from 
a center with an orthorhombic g-tensor and 
twelve possible orientations in the crystals. 
Under the given geometry, seven lines are 
discernible which coalesce into three lines for 
H||[l 11). In this connection it should be men¬ 
tioned that all experimental data to be 
reported in this paper were obtained on 
untwinned cubic crystals. The principal values 
of the g-tensor and of the Se 77 hfs-tensor, 
K(Se 77 ) were determined from this angular 
dependence; they are listed in Tables I and 2, 
respectively. 

V in S 2 SeBr 

The ^-center also occurred in a bromine 
doped ZnS,-^^ (* = 0-007) crystal and its 
ESR spectrum is shown in Fig. 5. The essen¬ 
tial features are the same as observed for the 
chlorine doped crystals. However, additional 
small doublet splittings occur for two of the 


*ln Fig. 2. il is a surpnsing result that the relative 
intensity of the V Zl ,S„SeCI center, as compared to that of 
the VaiSjCI center, exceeds by far the value expected 
on the basis of Fig. 1 for 0 5 mole per cent. This discrep¬ 
ancy may be possibly accounted for by (i) preferential 
association of zinc vacancies with the selenium atoms and 
(ii) preferential conversion of the V Zn S 2 SeCI centers into 
their paramagnetic state. 



Fig. 3. Angular dependence of the lines in the ESR spec¬ 
trum of the V z „S 2 SeCI center in ZnS,- x Se x . The crystal 
was purely cubic and free of stacking faults. The magnetic 
field is rotated in a (011) plane. 

three strong signals originating from the 
V Zn S 2 SeBr center under H||[l 11J. These can 
be explained by a weak ligand hyperfine struc¬ 
ture of the unpaired spin with the bromine 
isotopes Br 79 (50-6 per cent) and Br 8 ' (49-4 
per cent), both having nuclear spin l — \ and 
comparable magnetic moments. The appear¬ 
ance of only one or two hfs components, 
instead of a regular quartet hfs pattern, indi¬ 
cates that the quadrupole interaction and the 
nuclear Zeeman interaction are not negligible 


Table I. Principal values of the g-tensor, g,, and 
tilting angle r, determined for A-centers in cubic 
ZnS V x Se x . The principal axes and the tilting angle 
are defined in Fig. 4 


Center 

Si 

ft 

ft 

T 

V Zn S 2 SeCI 

1-9708 

2-1742 

2-1941 

3-8°+ 0-5° 

V z „S a SeBr 

1-9708 

2-1825 

2-1922 

2-0°+ 1-0° 

V 7 „SSe 2 CI 

20125 

2-0976 

2-1786 

16°+ 2° 

V Zl ,SSe 2 Br 

2 0060 

2-1039 

21840 

13° ±2° 


The uncertainty in g, is ±0-0005 for V* n S 2 SeX, and ±0-0020 for 
V l „SSe ! X, 
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Table 2. Principal values, K t , and tilting angle t of 
the Se 77 hyperfine interaction tensor K, determined 
for the V Zn S 2 SeX A-centers in cubic ZnS,- x Se x . The 
/C, values are given in MHz, and the principal axps 
coincide with those of the g-ltensor (see Fig. 4 ) > 


Center 

X, 



T 

V Zn S s SeCI 

883 

219 

188 

3'8°± 1-0° 

V Zn S 2 SeBr 

876 

176 

171 

2-0° ± 2-0“ 


The uncertainty in K, is ± 10 MHz. 


V 2n S 2 S«Cl V^SS^Cl 



Fig. 4. Orientation of the principal axes of the Y z„S 2 SeCI 
and V z „SSe 2 CI type A -centers. 


compared to the magnetic hyperfine interac¬ 
tion. A similar behaviour had been previously 
observed for the bromine ,4-center, V Zn S 3 Br, 
in ZnS[3]. Apart from this ligand hyperfine 
interaction, the direct hyperfine interaction 
gives rise to Se 77 satellite lines, see Fig. 5. 

V Zn S : ,SeZn u Al and V Zn S 3 SeZn,,Ga 

For an /1-center of the type V Zn S 3 SeZn n Al, 
three structurally different centers are expec¬ 
ted to exist in the cubic host lattice. They 
differ by the relative arrangement of the selen¬ 
ium atom in the sulfur shell and of the group- 
111 impurity atom in the zinc shell. Two of 
these centers have symmetry C, and one type 
has only symmetry C,. Considering the 



Fig. 5. ESR-spectrum of the V z „S s SeBr-center in an HBr-transported cubic ZnS w Se.r 

crystal under H||[l 11]. 
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possible orientations of the three types of 
centers in the cubic crystal, a total number of 
forty-eight centers can be distinguished for a 
general direction of the magnetic field H. 
twenty-six for a rotation of H in the (Oil) 
plane and ten centers for H|(f 111]. Because of 
this complexity, no attempt was made to 
analyse the ESR spectra in detail. Only 
survey spectra, for H||[l 11], were recorded in 
ZnS,. x Se x (x — 0 02) mixed crystals doped 
with aluminum or gallium. Strong signals, 
flanked by Se 77 satellites, were found to appear 
at about the same field positions as in the 
case of the V Zn S 2 SeCI or V Zn S 2 SeBr center. 
For the above orientation of the magnetic 
field, one expects three lines in the high field 
part and seven lines in the low field part of 
the spectrum. The ESR signals were found to 
be inhomogeneously broadened by an unre¬ 
solved ligand hyperfine structure which was 
rather pronounced in the case of the V Zn S 3 Se- 
Zn u Ga center. Although no detailed analysis 
of these ESR spectra was possible, the maxi¬ 
mum ^-shifts of the centers responsible 
appear to be of the same order of magnitude as 
in the case of the corresponding halogen A- 
centers. 

V tn SSe 2 Cl 

In a chlorine doped ZnS,_ x Se x (x = 0-07) 
mixed crystal the ESR spectrum of an addi¬ 
tional center was investigated, which we want 
to attribute to the A -center with two selenium 
and one sulfur atom around the zinc vacancy, 
V Zn SSe 2 Cl. There are two main arguments 
which support this assignment: The relative 
intensity of these lines increased considerably 
when the selenium content in the ZnS,_ x Se x 
crystals was increased from x — 0 005 over 
0-02-0 07. Furthermore, the principal axes 
of the g-tensor were found to point in direc¬ 
tions, which are consistent with a two-selen- 
ium ^-center, see Fig. 4, and the principal 
values of the g-tensor have the expected 
order of magnitude. The angular dependence 
of the spectrum was taken for a rotation of H 
in a (011) plane and is shown in Fig. 6. 



Fig. 6. Angular dependence of the lines in the ESR- 
spcctrum of the V z „SSe 2 CI-center in ZnS,^j.Se x . The 
crystal was purely cubic and free of stacking faults. The 
magnetic field was rotated in a (OH) plane. 

Seven lines are discernible, as in Fig. 3, but 
now the smallest principal value, g { , appears 
exactly at H||[011J, whereas the directions of 
# 2 and are tilted away from [100] and [011] 
by an angle of 16°. Because of the low inten¬ 
sity of these signals, as compared to that of 
numerous other lines occurring in the ESR 
spectrum, the components of the Se 77 hfs 
tensor could not be determined. We note that 
the smallest g-tensor component, which 
occurs along a [Oil] axis, is considerably 
greater than the free spin value, 2-0023. 
This fact will later serve as a strong evidence 
that the unpaired spin is equally localized at 
the two selenium atoms. 

V Zn SSe 2 Br 

In a bromine doped ZnS,_ x Se x (t = 0-07) 
crystal we observed the spectrum of the 
V Zn SSe 2 Br center, which is similar to that of 
the chlorine analogue. No resolved splitting 
due to the bromine ligand hyperfine interac¬ 
tion was detected, in contrast to the case of the 
V Zn S 2 SeBr center. 
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The principal values of the g-tenser and 
the tilting angle, as determined for the above 
centers, are compiled in Table 1. 

4. RESULTS FROM OPTICAL MEASUREMENTS 
Excitation and decay of the paramagnetic 
A-centers 

As mentioned before, all paramagnetic A - 
centers were created by illuminating the 
crystal with the 365 nm line at 77°K. No 
attempt was made to determine the spectral 
dependence of the excitation. It was found 
that the final concentration of paramagnetic 
^-centers in the ZnS,_ x Se x mixed crystals 
strongly depends on the intensity of the 
exciting light. Furthermore, a more or less 
rapid decay of the paramagnetic /I-centers is 
observed at 77°K, after turning off the exciting 
light. These two observations indicate that the 
final concentration of the paramagnetic centers 
is determined by the competing effects of 
optical excitation and thermally enhanced 
decay. The decay rate depends on the type 
of center and is fastest for the V Z „S ; ,C1 
center, whereas the V Zn SSe 2 CI centers show 
the slowest decay among the /f-centers in 
chlorine doped ZnS,_j.Se r . It should be 
emphasized that this behaviour of the A- 
centers in ZnS^Sej is quite different from 


that observed for the V Zn S 3 Cl center in pure 
ZnS. There, the center is stable at 77°K and 
consequently, the final concentration of para¬ 
magnetic A -centers dods not depend on the 
intensity of the exciting light. We do not 
believe that the decay of the A -centers in the 
ZnS,_j.Se x mixed crystals is due to a thermal 
release of the unpaired hole into the valence 
band; there is good evidence that the A- 
centers form deep acceptor states in which the 
unpaired holes are effectively frozen in at 
77°K. Instead, we are more inclined to believe 
that the thermal release of trapped electrons, 
and their subsequent recombination with the 
holes trapped at the A -centers, is enhanced in 
the ZnS^jSe* mixed crystals. For a better 
understanding of this effect, more experi¬ 
mental data would be required. 

Quenching of the paramagnetic A-centers 
The decay of the paramagnetic/4 -centers is 
strongly enhanced by illumination with visible 
or near infrared light. Figure 7 shows the spec¬ 
tral dependence of this quenching effect for 
the three different types of A -centers observed 
in the same chlorine doped ZnS,_ x Se x (x = 
0-02) mixed crystal. If we denote the decay 
constant in the dark by T lt and that upon 
illumination by T,, then the diagram shows 



Fig. 7. ESR quenching efficiency of the A -centers V Zn S 3 C.I, 
V z „S 2 SeCl and V Zn SSe,Ci in a ZnS^Sej. crystal with x = 0 02. 





344 


J. SCHNEIDER. B. D1SCHLER and A. RAUBER 


the difference I IT = 1 IT ,-1 IT d as a function 
of the energy of the quenching light. We note 
a distinct shift of the maximum of the quench¬ 
ing efficiency towards higher energies when 
going from the V^S^Cl over V Zn S 2 SeCl to 
the V Zn SSe 2 CI center. This means that the 
acceptor states formed by the A -centers in 
ZnS,- x Se J . become deeper in this same 
order, since the quenching process can be 
interpreted as a photo-induced transfer of 
the trapped hole to valence band like states, 
as will be discussed in Section 5. It should 
also be mentioned that halogen doped 
ZnSj_j.Se.,. mixed crystals quickly darken 
upon u.v. illumination at 77°K. This coloura¬ 
tion can be bleached by light of that energy 
which is also efficient in quenching the para¬ 
magnetic A -centers. The optica! absorption 
band responsible for this colouration has been 
investigated by Mr. K. Leutwein of our 
laboratory. For the V /n S.,CI center in pure 
ZnS, the maximum absorption occurs at 1-3 
eV, i.e. at about the same energy as the peak 
of the quenching band which lies at 1 4 eV, in 
ZnS as well as in the ZnS, _ x Se x mixed crystals. 
In the latter case however, the three absorp¬ 
tion bands expected for the three types of 
A -centers could not be separately resolved. 
Only a broad, structureless absorption was 
detected in the spectral range of interest. 
Obviously, more information had been gained 
from the quenching spectra which are specific 
for only one type of defect center, see Fig. 7. 

Luminescence 

Survey measurements of the photo lumines¬ 
cence emission spectra of chlorine doped 
ZnSj_ x Sej. mixed crystals were performed 
by Dr. G. Schmid of our laboratory. Beside 
the 470 nm ‘self-activated' blue emission 
band, which is caused by recombination of 
an electron with the hole in the paramagnetic 
VznS 3 Cl center, an additional emission band 
at about 530 nm was observed on the low 
energy wing of the blue band. This band rapid¬ 
ly gained in intensity, as the selenium content 
in the mixed crystal was increased. It might 


be tentatively assigned to the V Zn S 2 SeCl 
center, although we have not sufficient 
experimental evidence to make this assign¬ 
ment conclusive. 

For a more detailed discussion of the 
luminscent phenomena in ZnSj_j.Se.,., and in 
other related ternary systems we can refer 
to papers by Lehmann [13], Halsted et a/.[14] 
and Fonger[15]. 


s. DISCUSSION 

The experimental data reported in the pre¬ 
ceding sections appear to be sufficient to 
propose rather detailed models for the para¬ 
magnetic A -centers occurring in ZnS,_ x Sej. 
mixed crystals. 

We start the discussion by considering the 
four lone-pair orbitals pointing towards the 
zinc vacancy. The situation is illustrated in 
Fig. 8(a, b, c) for the case of the halogen A- 
centers V Zn S 3 Cl, V Zn S 2 SeCl and V Zn SSe 2 Cl, 
respectively. Obviously, the two electrons 
in the halogen orbital are the ones which are 


a) 


0— (l Vz„ 

C1 b 


V,n SjCl 


C„ c. 



Cl - - — 

chemical Jahn Teller 

bond distortion 


b) 


o_&>' 

Cl O. 


c. 


s. 

s u 

Cl 


-•— s. 


- V,„S,S#Cl 

chemical 

bond 



Fig. 8. Simple LCAO molecular orbital model of the 
electronic structure of the ^-centers V Zn S 3 Cl, V Zn S 2 SeCI 
arl d V z „SSe s Cl. The positions of the energy levels are 
not drawn to scale. A more detailed treatment of the distor¬ 
tion of the V,j,S 3 CI center will be given in Appendix A. 
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most tightly bound and we expect that the 
unpaired hole will be mainly localized at the 
chalcogen sites. 

In centers of the type V Zn S 3 X or V Zn Se 3 X, 
the hole has then the choice between three 
equivalent chalcogen sites. If overlap between 
the corresponding orbitals is taken into 
account, this threefold site degeneracy is lifted, 
resulting in a lower lying, fully symmetric 
singlet state and an excited doublet state, in 
which the unpaired spin has to be accom¬ 
modated. This upper doublet is further split 
by a Jahn-Teller type distortion which tends 
to remove the twofold degeneracy. Thus, the 
symmetry of the paramagnetic state of the 
centers V Zn S 3 X and V Zn Se : ,X is lowered from 
C 3| , to C.. The unpaired hole is now dominant¬ 
ly localized at only one chalcogen site, see 
Fig. 8(a). A more detailed discussion of this 
distortion will be given in Appendix A. At 
sufficiently high temperatures, a thermally 
activated hopping of the spin among the three 
distorted chalcogen sites can be observed [41. 

In centers of the type V Zn S 2 SeX, the two 
electrons in the selenium lone-pair orbital 
are the ones which are most weakly bound. 
Consequently, the unpaired hole must be 
accommodated at the selenium site, see Fig. 
8(b). Because of their inherent lower sym¬ 
metry, no rpotional effects resulting from spin¬ 
hopping are expected to occur for centers of 
the type V Zn S 2 SeX. 

In centers of the type V Zn Se 2 SX, the two 
selenium orbitals pointing towards the 
zinc vacancy form a lower lying bonding 
molecular orbital and a higher lying anti¬ 
bonding orbital, in which the unpaired hole 
is accommodated, see Fig. 8(c). 

Hyperfine interaction 

In pure ZnS, the /4-centers are formed by 
association of a zinc vacancy with a group- 
VII or group-III impurity. The presence of 
these impurity ions in the paramagnetic A- 
centers is unambiguously indicated by the 
ligand hyperfine structure observed in the 


ESR spectra[3].* In ZnS,_ x Se x , ligand hf$ 
could only be resolved in the ESR spectrum 
of the V Zn S 2 SeBr center. In the case of the 
V Zn SSe 2 C! and V Zn SSe*Br centers the un¬ 
paired spin is localized in an antibonding 
molecular orbital centered at the two selenium 
sites. Therefore, the impurity ligand nuclei 
are in a nodal plane of the unpaired spin's 
wavefunction and their hyperfine interaction 
will be greatly reduced. Finally, the absence 
of a resolved ligand hfs splitting in the ESR 
spectrum of the V Zn S 2 SeCl center does not 
appear surprising in view of the very small 
splitting observed for the V Zn S 3 Cl center in 
pure ZnS. 

A quantitative analysis of the A -center 
ligand hyperfine interaction is beyond the 
scope of this paper. Its observation should 
merely serve as evidence that the impurity is 
really part of the center in question. Further¬ 
more, the smallness of the ligand hyperfine 
splitting indicates that only a very small frac¬ 
tion of the unpaired spin’s wavefunction is 
localized at the group-VII and group-III 
ligand sites. This appears reasonable since 
the charge state of these impurities, e.g. 
Cl~ or Al 3+ , is repellant for holes. 

The large Se 77 hyperfine interaction ob¬ 
served for the V Zn S 2 SeCl and V Zn S 2 SeBr 
center can be interpreted in more derail. 
For this, we note that the hyperfine inter¬ 
action tensor K can be decomposed into 
an isotropic part a and into an anisotropic, 
traceless part P, 

A, = a + P, 

AC 2 = a + P 2 
= a + P 3 , 


’Ligand hfs had so far been reported only for the 
bromine, iodine and gallium /4-center in ZnS, see [3], 
More recently, we have also detected the very small 
ligand hfs splitting in the ESR spectra of the chlorine and 
aluminum /4-center in pure ZnS. The splitting was 
resolved at 20°K on the high field line in the ESR spectrum 
H|| [111], giving 

X(AI 27 ) = 0-41 . I0-* cm 1 , or 1-2 MHz 
and 

K(CI“,C1 87 ) - 01.10-*cm* 1 ,or0-3 MHz. 
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where P, + P 2 + P» = 0 Here, a represents 
the j-character and Pi dominantly the 4/7- 
character of the unpaired electron's wave- 
function, at the selenium impurity. From the 
experimental data given in Table 2 we then 
obtain the values listed in Table 3 under the 
assumption that X, is positive, whereas X 2 
and X 3 are negative. This at the moment 
arbitrary choice will be justified later. 


the V Zn S 2 SeBr center, 176 MHz, indicate 
that the unpaired spin has a wavefunction 
with an ^-character of the order of only 1 
per cent. 

On the other hand, the anisotropic part of 
the hyperfine interaction b, as predicted on the 
basis of restricted Hartree-Fock wave- 
functions, compares well with the P- values 
determined experimentally for the A -centers. 


Table 3. Decomposition of the Se 11 hyperfine 
interaction tensor determined for A -centers in 
ZnS,- y Se x and comparison with corresponding 
values of the SeOf radical in KCI. All numbers 
are given in units of MHz, and the principal 
axes are defined in Fig. 4 


Center 

a 

P, 

P 2 


V M S„SeCI 

+ 159 

+724 

-377 

-347 

V /n S,SeBr 

+ 176 

+ 700 

-353 

-347 

Se0 2 : KCI 

+ 66 

+ 622 

-320 . 

-302 


Comparison is invited with those hyperfine 
Structure parameters which are predicted on 
the basis of restricted Hartree-Fock calcula¬ 
tions of atomic wavefunctions as reported 
by Clementi[l6]. From tables given in his 
work, the contact interaction a for a pure 
4.v-electron and the dipole-dipole interaction 
b for a pure 4/j-electron can be obtained. We 
obtain: 



«„(MHz) 

A,„(MHz) 

Se°( a P) 

+ 13,200 

+ 379 

Se-fP) 

+ 12,700 

+ 315 


The theoretical hyperfine structure para¬ 
meters, as listed above for free Se° and Se", 
are exact to a few per cent, within the Hartree- 
Fock approximation. However, it should be 
kept in mind that they will be somewhat 
modified if the electron-electron correlation 
had been taken into account more rigorously. 

The experimentally determined a-values 
of the VznSiSeCI center, 159 MHz, and of 


For this, we neglect the small deviations of 
the dipole-dipole interaction tensor P from 
axial symmetry, by taking 

6 = -*(/>,+ P 3 ) 

2 b = P, 

For V Zn S 2 SeCl and V Zn S 2 SeBr, we then obtain 
h = 362 MHz and b = 350 MHz, respectively.- 
These experimental values fall within the 
range of the theoretically expected 6-values 
for Se u and Se", Thus, the analysis of the 
Se 77 hyperfine structure of the V Zn S 2 SeX 
centers has shown that the unpaired spin 
is highly localized in a non-bonding, atomic 
4p-orbital of selenium.* 

It remains to justify our previous assump¬ 
tion that the sign of Xj was taken to be 

‘The above discussion of the Se” hyperfine structure 
of the V z „S 2 SeX centers applies also to the somewhat 
simpler case of the isolated zinc vacancy in ZnSe. to be 
labeled in our notation as V Zn Se,, ESR of this intrinsic 
lattice defect was recently reported by Watkins[17]. 
The g-tensor and the Se” hyperfine interaction tensor, 
K, arc axially symmetric around a [111] bond axis, with 
K„ = 804 MHz and K ± = 150 MHz. 
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positive whereas that of K t and K 3 was 
taken to be negative. For this, we summarize 
the results for the rather similar situation 
encountered for the Se0 2 “ radical in KCI, 
where the parameter a could be measured 
very directly from the isotropic, motionally 
averaged ESR spectrum observed at elevated 
temperatures [18]. For SeO^, we have with¬ 
out ambiguity a = + 66 MHz and b = + 311 
MHz. The unpaired spin of this radical is 
localized in a molecular orbital formed by 
atomic selenium and oxygen p-orbitals. The 
spin localization at the central selenium site 
is about 50-60 per cent. 

In the case of the V Zn S 2 SeX centers, we 
can now use the following arguments: 

(i) In view of the small deviations of the 
K-tensor from axial symmetry, we can 
safely assume that X 2 and K :) have the 
same sign. 

(ii) Since the spin-localization at the selenium 
site should be greater than 50-60 per cent, 
we expect b to be greater than the Se0 2 ~ 
value of +311 MHz. Only by taking A, 
positive, but X 2 and X 3 negative, this 
condition can be met. Of course, it has 
been taken into account that for Se 77 the 
dipolar interaction b must have positive 
sign. 


Quenching of the paramagnetic A-centers 

We had seen above that the unpaired hole 
of the A -centers shows a strong preference 
for being localized at the chalcogen sites. 
Furthermore, if the hole has the choice 
between a sulfur or a selenium site, localiza¬ 
tion at the selenium site is energetically more 
favoured. For centers having the hole localized 
at only one chalcogen site, i.e. V Zn S 3 X, 
V Zn Se 3 X and V Zn S 2 SeX, we can interpret the 
quenching process by considering a localized 
‘molecule’ made up of the chalcogen atom in 
question and its three nearest zinc ligands 
(see Fig. 9). Apart from the non-hybridized 
lone-pair orbital in which the unpaired spin 
is accommodated, there are three bonding 
and three antibonding molecular orbitals. The 
molecular states corresponding to the bond¬ 
ing orbitals should be viewed as perturbed 
valence bands states, which have dominantly 
chalcogen character. 

The quenching of the paramagnetic centers 
by illumination with infrared light is inter¬ 
preted as a hole transfer from the lone-pair 
state to the valence band like bonding states 
from where the hole has then the freedom to 
leave the complex entirely. For the centers 
Vz n S 3 Cl, V Zn S 2 SeCl and V Zn SSe 2 Cl the maxi¬ 
mum quenching rate is observed at 1-4 eV, 
l-6eV and at l-8eV. respectively, see Fig. 



S-Zn antibonding 


S non-bonding 



S-Zn bonding 


Fig. 9. Localized ‘molecule’ considered for the explanation of the g-shifts and the 
optical ESR-quenchingof a V, n S s Cl center in ZnS. 
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7, This shows that the energetical separation 
of the unpaired spin level from the valence 
band of ZnS is greater for those /(-centers 
which contain selenium atoms. Inother words, 
these centers represent deeper hole traps. 

g~Tensor 

A summary of experimental ff-shift data 
obtained for ,4-centers in ZnS, ZnSe and 
ZnSi-.rSej. is given in Table 4. The devia¬ 
tions of the g-tensor components g, from the 
free-spin value of 2-0023 result from the spin- 
orbit interaction which admixes excited states 
to the ground state wavefunction. The first- 
order ^-shifts can be obtained from the 
relation 


Atf o = - 2A 


1 


<0|Z. j |/i></i|ZhI0) 

E„-E„ 


(I) 


where A is the spin-orbit coupling constant, 
and the sum must be taken over all excited 
states of the paramagnetic center. It should 
be emphasized that the above relation will 
only be correct, if the unpaired spin experi¬ 
ences a centrosymmetric electric field * In 
the case of the /(-centers, however, this will 

•Complications which arise in the case of non-centro- 
symmetric electric fields have been discussed by Watkins 
and Corbett! 19|. 


be a good approximation, since the analysis 
of the Se” hyperfine interaction of the 
V Zn S 2 SeX centers had shown that the un¬ 
paired spin is dominantly localized in an 
atomic 4p-orbital. 

Equation (1) predicts no first-order g- 
shift if the magnetic field is parallel to the axis 
of the non-bonding p-type orbital. As can be 
seen from Table 4, this is almost exactly true 
for the /(-centers in ZnS, where the unpaired 
spin is localized at one sulfur site. However, 
for the corresponding selenium A -centers in 
ZnSe and ZnS,-,j.Se x small negative ^-shifts 
are observed. It will be shown later, that 
second-order terms in the spin-orbit interac¬ 
tion can account for these negative ^-shifts. 

Large, positive ^-shifts are observed, when 
the magnetic field is normal to the non-bond¬ 
ing orbital, see Table 4. The excited states 
which will dominantly contribute to the g- 
shifts. on the basis of equation (1), can be 
predicted from the same ‘localized molecule' 
energy scheme, which was previously used 
to interpret the quenching process, see Fig. 9. 
For one type of excitation, the unpaired elec- 
electron of the non-bonding state is lifted to 
the antibonding states, for the other type, one 
electron is excited from the occupied bonding 
states to fill the non-bonding state. 

Spin-orbit matrix elements to the antibond- 


Table 4. Summary of g-shifts observed for A-centers in cubic ZnS*,ZnSe t and ZnS,_ x Se x t. 
For definition of principal axes and tilting angle r, see Fig. 4 


Host 

('enter 

Ax, 

Aft 


(A ft/Aft) — 1 

T 

ZnS 

V Z „S,CI 

0 0004 

0-0479 

0-0542 

0-132 + 0-014 

3-9°±0-1° 


V z „S a Br 

0 0006 

0 0514 

0-0546 

0-062 + 0-014 

2-3° + 0-3° 


^Zn^ZlljiAI 

00007 

0-0490 

0-0537 

0-096 + 0-014 

2-5° + 0-5° 


V Zn S 4 Zn„Ga 

0 0002 

0-0486 

0-0533 

0-097 + 0-022 

2-9°±0-5° 

ZnSe 

V z „Se a CI 

-0 0426 

0-1589 

0-2426 

0-527 + 0-005 

6-3° + 0 1° 

ZnS,_ x Sej. 

VmSjSeCI 

-00315 

0-1719 

0-1918 

0-116 + 0-006 

3-8° + 0-5° 


V z „S 2 SeBr 

-0-0315 

0-1802 

0-1899 

0-054 + 0-006 

2-0“+ 0-8° 


V Zn SSe 2 CI 

0-0102 

0-0953 

0-1763 


16° ± 2° 


V z „SSe s Br 

0-0037 

0-1016 

0-1817 


13° + 2° 


•Taken from(3J. 
tTaken from [6], 
tThis work, see Table 1. 
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ing states yield negative first-order g-shifts, 
whereas the contributions of the bonding 
states are positive. In view of the strongly 
positive g-shifts observed experimentally 
for g 2 and g 3 , see Table 4, we can safely 
assume that the dominant contributions to the 
g-shifts result from an admixture of the bond¬ 
ing states. As was pointed out already in the 
discussion of the quenching process, the bond¬ 
ing states should be viewed as perturbed val¬ 
ence band states which have dominantly 
chalcogen character. 

We can now attempt an order of magnitude 
estimate of the g-shifts. The spin-orbit coup¬ 
ling constant A of the chalcogen atoms are 
approximately known and the mean energeti¬ 
cal separation between the non-bonding 
ground state and the bonding states, A E b , 
has been determined directly by the quenching 
experiments. In an axial approximation, which 
neglects the small differences between g 2 and 
g 3 , we then obtain for the g-shifts 

Agi, = Ag, = -(g 0 ~ l)A 2 /AE ft 2 

( 2 ) 

Ag ± = HAg 2 + Ag 3 ) = - 2A/A E b - g„X 2 /AE b 2 

where g 0 = 2 0023. For this, equation (1) 
had to be extended to include also second 
order terms in the spin-orbit interaction, 
which can no longer be neglected for the 
selenium A -centers, where A is quite large. We 
note that these second order contributions 
are always negative, independent of the sign 
of A. 

For A we take values corresponding to the 
singly negatively charged chalcogen ions, 
viz. —330cm -1 , or — 0-041 eV, for 5" and 
— 1620cm -1 , or — 0-201 eV for Se - .* The 
quenching peak, A E b , occurred at l-4eV for 


•These values were obtained by an extrapolation from 
isoelectronic np“ atoms and ions, taking A equal to two- 
thirds the difference between the 2 P 3/2 and 1 P m state. 
This spin-orbit coupling constant should not be confused 
with the spin-orbit splitting parameter of the valence 
band, as used in the preceding paper, see [10], 


v znSjX, and at 1 -6 eV for V Zn S a SeX. We then 
obtain 

' V Zn S 3 X,V Zn S 4 Zn ] , 1 X Ag„ = - 0-001 

Ag ± = + 0-057 

V Zn S a SeX Ag l( =-0-016 

Ag t = + 0-219 

We note that the dominant g-shifts, Ag ± , are 
greater by about 10 per cent than those 
observed experimentally for sulfur ^-centers 
and by about 20 per cent for the V Zn S a SeX 
centers, see Table 4. The reason is that, in 
our simplified model, we have neglected the 
g-shift contributions resulting from admixture 
of the antibonding states, which are positive 
for Ag ± , but again negative for Ag H . In other 
words, we have neglected the partial covalent 
bonding of the chalcogen atom to its three zinc 
ligands. 

To summarize the discussion, we can state 
that the above treatment accounts well for 
the g-shifts observed. In particular, it became 
apparent that the energy denominators 
appearing in equation (1) should be essentially 
identified with the energetical separation of 
the non-bonding state from the bonding states 
which should be located close to the edge of 
the valence band of the host lattice. This 
means that the g-shift contributions from the 
antibonding states can be neglected to a 
good approximation. 

For this reason, an atomic approach can 
be used to interpret the g-shifts: in Appendix 
B they will be discussed in the light of crystal 
field theory of a S - or Se - ion, 2 P, subject to 
a Stark effect from the non-cubic crystalline 
field arising mainly from the zinc vacancy 
and the associated donor impurity ion. This 
treatment will enable us to understand finer 
details of the g-tensor, like the deviations 
from axial symmetry, g 3 -g a , and the tilting 
angle r, which were neglected in the previous 
discussion. 

It should be mentioned that the molecular 
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orbital description of the centers V Zn S 3 X, 
VznSeaX and V Zn S 2 SeX is quite analogous 
to that given by Watkins and Corbett[19] 
for the isomorphous silicon £-center. This 
defect is formed by association of a silicon 
vacancy with a group-V donor, as phosphorus. 
In our notation, the silicon Zs-center should 
be written as V sl Si 3 P. The analogous centers 
V«,Si,A8 and V sl Si 3 Sb have also been 
recently investigated [20], 

It remains to discuss the g-shifts of the 
centers V Zn SSe 2 X. where the unpaired spin 
is shared between two selenium sites, in an 
antibonding molecular orbital, see Fig. 8. As 
a first approximation, we can construct the 
molecular wavefunction by a superposition 
of the two dangling selenium orbitals. We 
note that the smallest #-shift, A#,, observed 
for centers of the type V Zn SSe 2 X is still 
positive and occurs along the Se-Se axis, 
see Table 1 and Fig. 4. This behaviour is to 
be expected since the molecular orbital in 
question is formed by two dangling, non- 
coilinear atomic orbitals. One might still 
argue that the positive #-shift, observed for 
results from a rapid, thermally activated 
hopping of the spin between the two selenium 
sites. In this case, drastic changes in the 
ESR-spectrum should be observed at lower 
temperatures, where the hopping rate becomes 
much slower. This was not observed experi¬ 
mentally, down to 20°K. 
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APPENDIX A 

Spontaneous distortion from C ; „ to C, symmetry 

It is an experimental fact that the paramagnetic 
centers V Zn S 3 Cl, V Zn S 3 Br and V Zn Se.iCl have orthor¬ 
hombic hyperfine and g-tensors. Evidently the corres¬ 
ponding molecular clusters, which have originally 
Car'-symmetry undergo a spontaneous distortion. 

In the following, we present a very simple model 
calculation in order to derive two results, which should 
be valid also for the more complicated real system. We 
want to show that the distorted cluster is the more stable 
configuration and that the wavefunction of the unpaired 
spin is almost entirely localized on one of the three 
chalcogen atoms. 

In the molecular cluster there are four dangling bonds 
pointing towards the zinc vacancy. We label the three 
chalcogen orbitals 4>„. <t>,, and 4> r . The halogen orbital 
is lower in energy and does not enter the calculation. 
We assume a linear coupling of the energy levels to the 
distortion Q. a repulsion term proportional to Q 2 and an 
exchange integral 0 which is also a function of Q. Then 
the elements of the energy matrix take the form 


Hun — f/ w , — a(l + fl|£)-t- u 2 C? 2 ) 
H„ = a (l +c,Q + c,Q 1 ) 

H„n= 0(1 +d i Q + d t Q*) 

H,„ = //*=/*(!+ <•,(?+e,G*) 


(Al) 


In the absence of a distortion, i.e. Q = 0, the eigen¬ 
functions have trigonal symmetry, C M 

Attiki — (<l>„ <f>c) r^/3 

(0* = (0„ + ^-2^)/V6 (A2) 

Vi’s = (<ha~d>b)IS/2 
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The corresponding energies are 

W,{A,) = a + 2/S 
lV a . a {E) = a-0 

In the limit of a very strong C,-distortion. i.e. |a(ri, —c,)Q | 
t> |(81. the molecular orbitals are given by 

A':ip, — (<5„+ <£,,)/V 2 
A ': i|< 2 = <f> r (A3) 

with energies 

IF, M') =«(l+o,C>+ «,(?*) +0(l+d,£> + d 2 e 2 ) 

1F,(,4') = a(l+<,() + c,C) 2 ) 

IF,(/T) -ad 4 «,<? + «*<?*)-0(1+</,(? +rf*!? 2 ) 

Note that i)/, is independent of {?, whereas i ji, and ih 2 
approaah the functions of equation t A2) when Q goes to 
zero. The lower part of Fig. 10 shows the energy levels 
as a function of the distortion 0- where the parameters 
for this model calculation were chosen freely, viz.: a — 
100. 0 = - I. a, = -0 04. o 2 = 0-01. c, = 0 08. r„ = 0 01, 
i/, ■ — 0* I, di — — 0-1, e, = 01. e 2 = 0-l We have to 
accommodate five electrons in the level scheme and 
summation of the individual energies gives the total 



Distortion Q ( orbitrory units ) 


Fig. 10. Results of a model calculation (see text) for the 
relative energies of the three single electron LCAO-MO 
states of the V Zn S„CI center, as a function of the Jahn- 
Teller type spontaneous distortion, Q, (lower part). The 
total energy £(5) for the five-electron system is plotted 
in the upper part and is seen to be minimized in the 
distorted configuration. 


energy shown in the upper part of Fig. 10. Two con¬ 
clusions now can be drawn: (i) the energy is minimized 
in the distorted configuration and (ii) the unpaired spin 
is in the upper A' state which means localization in one 
of the dangling bonds, viz. t/tf 

1 i 

APPENDIX B 

Point charge calculation for the g-tensor 

As pointed out in the Discussion, the basic structure 
of the paramagnetic state of the A -center is characterized 
by an atomic *P state. We subject this state to a Stark 
effect from the non-cubic crystalline field arising mainly 
from the zinc vacancy and the associated impurity ion. 
Neglecting the spin-orbit interaction, the axial field 
arising from the zinc vacancy splits the threefold orbital 
degeneracy of the 2 R state of the Se~ or S' ion into a lower 
energy singlet, E t , and a higher energy doublet, E x = £„. 
The additional field due to the associated group-VII or 
group-ill impurity lifts the orbital degeneracy of the 
doublet. Now, if the spin-orbit interaction is taken into 
account in first and second order, the deviations of the 
g-tensor components g, from the free spin value, g 0 — 
2-0023, are given by: 



Here, E. has been placed at the zero point of the energy 
scale and A is the spin-orbit coupling constant of the 
Se or S ion. Equations (Bl) result from a specialisation 
of the g-shift calculation reported by lnui et ti/.[21] for 
the molecular l' t -centcrs [221 in alkali halides. 

A summary of experimental tf-shift data obtained for 
/4-centers in ZnS, ZnSc and ZnS, x Sc., was given in 
Table 4. Inspection of this table reveals some general 
trends: 

(a) The largest g-shift, Ag : ,, always occurs in the mirror 
symmetry plane of the center, in which also A g, is 
observed. 

(b) A larger tilting angle t goes parallel with a larger 
deviation of the g-tensor from axial symmetry, as 
described by the parameter (Ag : ,/Ag 2 ) — 1. 

These observations can be readily understood on the basis 
of the following naive crystal field calculation; for this, 
we consider the A -center geometry shown in Fig. 11. The 
paramagnetic S~ or Se" ion is at the center of the co¬ 
ordinate system, r, and e t represent the effective electric 
charges of the zinc vacancy and of the associated im¬ 
purity, respectively. In an idealized, purely ionic picture, 
we would expect c, = — 2c and e t = + c. These defect 
charges induce crystalline electric field gradients at the 
central chalcogen site, which are given by 

V = £U3 £ 2 —p 2 ) +&,£{ +/3 u(f 2 -f 2 ) 
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v 2 „s«s,a 



(») (fc) 


V z „SeS,Zn fl Al 



(«) 


Fig. II. Coordinate system used for the point charge calculation, (a). 
The haste structure of the /(-centers with a group-Vll or group-111 
impurity is sketched in (b) and (c). 


where 

^'“ 3<V Ui/ + c/)« (B2) 

B _Ik 2 ._ 


Here, the {-axis is taken along a 11111 bond direction 
and the rj-axis is perpendicular to the mirror symmetry 
plane of the center, see Fig. II. Since [e,| > |e»|, and 
since e, is more distant, the dominant contribution to 
the field gradient will urise from the zinc vacancy. The 
threefold orbital degeneracy of the ‘P state is lifted by 
this perturbation. The energy matrix is most conveniently 
diagonalized by transformation to a new coordinate 
system x, y, z in which the mixed term ££ of the field 
gradient vanishes. This can be achieved by rotating the 
coordinate system f. t), { around the tj- axis by the 'tilting' 
angler which is determined by the relation 


tg2T 


. _ 


(B3> 


In the new coordinate system, the field gradients are 
written as 


V= f»»(3z s —r 1 ) + b 21 (x t — y“) (B4) 


where 


fijo “ B 20 ^22 

bn = i (3/3 10 sinV + iAi, sin 2 t + /3, 2 cos 2r) 

and the energy matrix is diagonalized by the orbital 
eigenfunctions p,, p„, p„ giving 


Pj c ( h 2 i, h 2i ) 

/;„= r{b m + h ri ) (B5) 

P 1 — 2r b 2 f) 

where i is a common constant. For the geometry shown 
in Fig. 11, where sign c., = - sign e, and |e,| > |e t |, b w 
and b n have opposite signs. This means that the E x state 



Fig. 12. Results of point charge calculations for the 
geometry defined in Fig. 11. The charge ratio eje, is 
taken as abscissa. The diagrams show (a) the tilting angle 
r and (b) the deviations from axial symmetry of the 
g-tensor defined by 8 = (Agj/A« 3 ) - 1. Experimental 
values, observed for ,4-centers in ZnS and ZoSj-j-Se*. 
are within the shadowed areas. The broken line at e t !e, — 
— 0 5 is appropriate for a purely ionic description. Roman 
numbers refer to A-centers with a group-Vll impurity. 

(1), and with a group-I II impurity, (II). 
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lies above the £„ state, the E, state being the ground state. 
Equations (A1) then predict that A g x > A g u , in agreement 
with the experimental findings. Note, that the axes x and 
y correspond to the axes 3 and 2 in Fig. 4. Furthermore, 
equation (B3) then predicts that the tilting angle r is 
always positive. 

We have attempted some quantitative estimates of the 
tilting angle r and of the asymmetry parameter 8 = 
(Ag 3 /Ag 2 ) —1. The latter quantity is determined by the 
relation 


g = , 2b 22 

\fiu 3/> 2 o b 2 2 


(B6) 


if the spin-orbit interaction is treated only in first order. 
For an order of magnitude estimate, we now make the 
greatly simplifying assumption that the defect charges 
e, and e 2 are centered at undistorted lattice sites. In the 
case of the selenium /(-centers, we also neglect the 


electronegativity differences between sulfur and selenium. 
With the help of the above relations, the quantities r 
and 8 have been calculated for the group-Vl! and group- 
ill /4-centers, as a function of the defect charge ratio 
e t /e,. The results are shown in Fig. 12. Experimental 
values observed for A -centers in ZnS and ZnS,-j-Se,, fall 
within the shadowed areas. Curves labeled I and II are 
valid for group-VII and group-111,4-centers, respective¬ 
ly. In most cases, order of magnitude agreement for the 
tilting angle r and for the asymmetry parameter S is 
achieved if we take e,le, = — 1. This corresponds to the 
purely ionic case. However, the experimental values for 
r of the group-III .4-centers in ZnS and for r and 8 of 
the chlorine ,4-center in ZnSe are considerably larger than 
those calculated within our ionic approximation. 

In this connection it must be emphasized, that the distor¬ 
tion of the lattice as treated in Appendix A has been 
neglected. The calculated parameter 8 for instance 
would be larger in the distorted lattice. 




J. Phys. Chem. Solids Pergamon Press 1970. Vol. 31, pp. 355-361. Printed in Great Britain. 


OPTICAL PROPERTIES OF IMPURITIES lti BLENDE 
TYPE Il-VI SEMICONDUCTORS COMPOUNDS 


R. BESERMAN and M. BALKANSKI 

Laboratoire de Physique des Solides de la Faculte des Sciences de Paris. France 
(Equipe de Recherche Associ6e au C.N.R.S.) 

(Received!! March 1969; in revised form !June 1969) 


Abstract— Using infrared techniques, the localized mode frequencies of S in ZnSe and ZnTe, of Se 
in CdTe, have been measured, as well as the resonnance mode frequencies of Mn and Te in ZnSe. 


1. INTRODUCTION 

A large amount of experimental results on 
the lattice vibration spectra of pure and doped 
ll-Vl compounds have been accumulated 
in recent years. 

Most of the investigations were directed 
toward the study of lighter impurity ions in 
alkali halides, silicon and in some of the I1I-V 
compounds. 

In the case of 11-VI compounds, the infra¬ 
red absorption due to some light impurities 
have been investigated such as the Li impurity 
in CdS[l], CdSe and CdTe[2] of Be in CdTe 
[3], of S impurity in CdSe[2]. More recently 
the infrared spectra of the localized vibration 
of Al, Mg, Li and Cu in ZnS, ZnSe, ZnTe has 
been studied [4], 

In this paper we are presenting the optical 
spectra of some Il-VI compounds doped with 
light and heavy substitutional impurities. 
The reflectivity peaks are attributed to 
localized, resonnance or to gap modes. 

The impurity mode frequencies are solu¬ 
tions of the perturbed secular equation 

Det |1 — G(w ). C(w)| = 0 (1.1) 

G( a>) and C(w) are the Green’s function matrix 
of the perfect crystal and the perturbation 
matrix related to the defect. 

The Green's functions of the perfect 
crystal are deduced from the phonon density 
of states v{<o) by: 


^, f“" v(o/)da/ , OT , , ,, 

G(a,) = l ^ 7 ^ + 2 ^ (w) {L2) 

When the defect can be considered as an 
isotopic substitutional atom, the localized and 
resonnance mode frequencies are then 
solution of: 

eta 2 C((o) = 1 (1.3) 


G’(cj) is the real part of G(w). 

The single phonon density of states for a 
perfect crystal of CdS has been calculated 
[5], taking into account the ion polarisibility. 

The Green's functions of the perfect 
crystal have been used to calculate the 
localized mode frequency for a substitutional 
mass defect without change of force constants 
16 ]. 

2. EXPERIMENTAL RESULTS 
2.1 Experimental procedure 

The reflectivity measurements were per¬ 
formed on a far infrared vacuum spectrometer 
CODERG. The reflectivity is taken point by 
point comparing the crystal reflectivity to a 
mirror one. The resolution is 1 cm 1 in all 
the range studied. 

The dielectric constant is a complex func¬ 
tion of the oscillator strength 4irp of the 
damping constant y and of the transverse 
optical mode o> TO . 


€ = €* + 


4 TTp ajro 
w ‘<to — tv 2 — iya) 


(2.1) 


Ufa 
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the real and the imaginary part of the dielectric 
constant are respectively 

. 4irpajTo(wTo _ w 2 ) n 

e r = Co* + —f -rrr : , 

<(ojy, - w 2 ) 2 + yW 

inpiolrouy n 

1 (lof,, — w 2 ) 2 + yV 

When the damping is neglected in the real 
and imaginary parts of the dielectric constant, 
the a) W frequency corresponds toe, maximum, 
the (i) L o frequency to e r — 0 or lm(- 1/e) 
maximum given by equations (2.2) and (2.3) 
The oscillator strength is then defined 
from the imaginary part of the dielectric 
constant by 

4n-p = C, max (2.4) 

(Dm 



Fig. I. Reflectivity spectrum of ZnSe containing about 
l%S. 


Ac, being the line width 
The dielectric constants have been cal¬ 
culated with a 3600 control Data computer, 
using the Kramcrs-Kronig relations (7). 

The samples have been optically polished, 
and the composition of the doped 11-VI 
compounds have been determined by X ray 
fluorescence. 

2.2 Localized modes in 11-VI blende type 
semiconductors 

2.2.1 Sulfur substitutes selenium of zinc 
selenide. The S is a light impurity of mass 
32, which substitutes the Se of mass 79, the 
mass factor is t = 0-595 and a local mode of 
the substitutional impurity is expected. 

Figure I shows the reflectivity spectrum of 
ZnSe containing about 1%S. The reflectivity 
band corresponds to the ZnSe restrahlen. 
the reflectivity peak which frequency is 
higher than the w u> frequency of ZnSe is due 
to the substitutional S impurity in ZnSe. 

The Kramers-Kronig relations analysis of 
the reflectivity coefficient, leads to the real 
and imaginary part of the dielectric constant, 
which are shown in Fig. 2. 

The imaginary part of the dielectric con- 



Fig. 2. Dielectric constants of ZnSe containing about 
1%S. 


stant. has two maxima corresponding respec¬ 
tively to the pure ZnSe and to the S localized 
transverse optical modes, whose frequencies 
are 

ot n ,(ZnSe) = 202 cm -1 — 297 cm' 1 

The imaginary part of minus the inverse 
of the dielectric constant shows two maxima 
corresponding respectively to the pure ZnSe 
and to the S localized longitudinal optical 
modes, whose frequencies are 
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<o/, 0 (ZnSe) = 252 cm -1 = 305-5 cm* 1 . 

The splitting between the frequencies 
w!fo and wftf, is due to the finite concentration 
in impurities. As shown in the study of 
mixed crystals, the increase of impurity 
concentration brings up two constituents 
of the localized mode having the characters 
of a transverse and a longitudinal mode, the 
energy difference between these two modes is 
a function of the impurity concentration [8], 
2.2.2 Sulfur substitutes tellurium of zinc 
tellurium. Substituting Te of mass 127-6. S 
is a light impurity in ZnTe, the mass factor 
is e = 0-75 and a localized mode is expected. 

Figure 3 shows the reflectivity spectrum of 
ZnTe containing about 1 % of S. 

The reflectivity band corresponds to the 
ZnTe restrahlen, the reflectivity peak which 
is located at frequencies higher than the <u IM 
frequency of ZnTe is due to the substitutional 
S impurity. 



Fig. 3. Reflectivity spectrum of ZnTe containing about 
\% S. 

The Kramers-Kronig relations analysis of 
the reflectivity coefficient gives the dielectric 
constants which are shown in Fig. 4. 

The two maxima of e, correspond to the 
transverse optical mode frequencies of pure 
ZnTe and of the S impurity. The frequencies 
are respectively: 

cu ro (ZnTe) = 177 cm -1 wro — 269 cm -1 



Fig. 4. Dielectric constants of ZnTe containing about 
1% S. 

The two maxima of !m(— 1/e) correspond 
to the longitudinal optical mode frequencies 
of ZnTe and of the S impurity which are 

co UJ (ZnTe) = 208-5 cm*' cofcflf = 272 cm* 1 

2.2.3 Selenium substitutes tellurium of 
cadmium tellurium. Se of mass 79 substituting 
Te which mass is 127-6 is a light impurity and 
the mass factor is low e = 0-38. 

Figure 5 shows the reflectivity spectrum of 
CdTe containing about 1% Se, the impurity 
peak due to Se appears on the high frequency 
side of the CdTe restrahlen curve. 



Fig. 5. Reflectivity spectra of pure CdTe and CdTe con¬ 
taining about 1% Se. 
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The dielectric constants has been calculated 
from the reflectivity spectrum. As shown on 
Fig. 6, two transverse optical modes can be 
seen in the imaginary part of the dielectric 
constants: 

The CdTe one of which the frequency is 
ojft) ~ 139 cm 1 . 

The Se impurity one of which the frequency 
iswfjy = 170cm" 1 . 

The longitudinal optical mode primitively 
situated at oi,.„ — 167 cm" 1 , is split into two 
optical mode by the introduction of Se im¬ 
purities. 




Fig. ft. Dielectric constants of ( d i e containing about 1% 
Se. 


These optical modes are the longitudinal 
optical one of doped CdTe <o,,„ = 162 cm 
and the optical mode of the Se impurity 
= 180 cm -1 as shown on Fig. 7. 

The <di,„ frequency shift of C dTe containing 
about 1% Se, can be explained by the an- 
harmonic coupling between the CdTe normal 
modes and the Se localized mode. 

In this case the CdTe self energy 7r(y, w) 
is a complex function of the frequency <0(9) 

v(j\ <a) = A(/, w) — /I ( 7 , to) 


Fig. 7. imaginary part of the inverse of the dielectric 
constant of pure CdTe and CdTe containing about I % Se. 


w,v 2 = to to + 2A (<i))u)ro ~ 2H'{(i))o) ri) 

(i> T ,i is the transverse optical mode in the 
harmonic approximation, A(tu) and I (to) are 
respectively the frequency shift and the damp¬ 
ing constant which are related to the dielectric 
constant by 

, . _ I_ Qr 2 (0)(eo— e x ) _ 

W ' Wn, + A(oj) - cu] 2 — 2i<D T0 \ (co) 

U/<0) is a constant which is deduced from the 
sum rules by [10] 


w e,(to)dw 
1V(0) - L rr — 

J w 

A(w) and I (w) can be calculated from the 
dielectric constants which are deduced 
from the reflectivity spectrum. 


[«rw + A(a>)F — a> 2 + 


!l T *(Q)(e„ — e x )(e r M — ej 

e,(cu ) 2 + [e r (a>) -e «] 2 


iv \ _ 1 Ft 2 (0)(6 (I e x 6[(cu)) 

’ « ( (u>) J +[e r ( w )-eo .] 2 


when the anharmonicity is low, the CdTe The Lyddane Sachs Teller relation can be 
normal mode is defined by written in the anharmonic approximation: 
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li _ tolo , + 

c. n r 2 (0) ■ n r 2 ( 0 ) 

As shown in Fig. 8 the damping coefficient 
is very important near the co, j0 frequency 
ofCdTe. 

The shift of the longitudinal optical mode 
frequency due to the anharmonic coupling 
between the host crystal and the impurities, 
has been deduced from the anharmonic 
wi, 0 frequency (o ul = 160 cm' 1 . This value is 
in fairly good agreement with the experimental 
frequency o) u , — 162 cm -1 . 



Fig. 8. 


2.3 Resonrtant modes in blende type ll-VI 
semiconductors 

2.3.1 Manganese substitutes zinc of zinc 
selenide. The Mn of mass 55 is a light impurity 
substituting the cation of mass 65-4 in ZnSe. 
The mass factor is low, e = 0-25, so that no 
localized mode is expected, the impurity 
will modify the normal mode vibration amp¬ 
litudes, and a resonnant mode could appear 
in the band of the allowed frequencies. 

Figure 9 compares the reflectivity spectra 
of ZnSe containing 1-5% Mn, to that of pure 
ZnSe. The shape of the restrahlen band of 
ZnSe is modified by the introduction of Mn 
impurities. 

A detailed examen of the optical constants 
displayed in Fig. 10 shows a structure on the 



Fig. 9. Reflectivity spectra of pure ZnSe and ZnSe 
containing 1 ■5 % Mn. 



Fig. 10. Dielectric constants of ZnSe containing 1-5% 
Mn. 


imaginary part of the dielectric constant which 
gives two frequencies for the transverse 
optical modes: = 199 cm' 1 and o> ro = 202 
cm - ’. For the pure ZnSe we have oj ro = 202 
cur'. 

The presence of impurities shifts the w u , 
from o>,.„ = 252 cm -1 to an higher energy w L0 — 
254 cm -1 . The shift of a> Ln is due to the an¬ 
harmonic coupling between Mn impurities 
and the normal modes of ZnSe, the frequency 
has been calculated from the Lyddane-Sachs- 
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Teller relation applied to anharmonic process 
o»/,o = 257 cm -1 which corresponds to the 
experimental frequency to,,, = 254 cm -1 . 

2.3.2 Tellurium substitutes selenium of 
tine selenium. The Te with M= 127-6 is a 
heavy impurity in ZnSe. The mass parameter 
is negative (e = — 0-615). A heavy defect in 
the lattice should lead to a resonance in the 
allowed frequency region, or to a gap mode if 
the density of states at the given frequency 
is very low or practically zero. 

The infrared reflectivity spectra of pure and 
Te doped ZnSe are given in Fig. 11, the latter 
shows a higher reflectivity coefficient on the 
low energy side of the restrahlen. 



Fig. II. Reflectivity spectra of pure ZnSe and ZnSe 
containing 4% Te. 


The dielectric constants are displayed in 
Fig. 12. From the difference between the 
imaginary part of the dielectric constant 
of pure ZnSe and Te doped ZnSe, one can 
deduce the frequency of the resonant mode 
£ 0 ,,= 182 cm -1 . The width of this band is 



Fig, 12. Dielectric constants of ZnSe containing 4% Te 
and imaginary part of the dielectric constant of pure 
ZnSe. 


A(w) = 35 cm -1 which combines the impurity 
line width, and the band broadening due to 
the anharmonic coupling. 

The damping constant of ZnSe increases 
when the impurities give rise to a resonrmnt 
mode, as shown in Table 1. 

3. DISCUSSION 

Recently the dispersion relations, and the 
density of states have been calculated for the 
Wiirtzite type CdS[6] and extrapolated to 
BeO[11]. Up to now, no theoretical calcula¬ 
tions have been performed on zinc blende 


Table I. Optical frequencies and damping 
constants of doped ZnSe 


Crystal Optical frequencies Damping constant 


dm(cm ‘I oi,„(cm ') y 

ZnSe 202 252 0036 

ZnSe + l-5%Mn 202 254 0 094 

ZnSe + 4%Te 202-5 252 0-056 
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type Il-VI semiconductors so that it is not 
possible to compare the experimental results 
with calculated values. 

The presence of S in ZnSe leads to a local¬ 
ized mode whose frequencies deduced from 
the Kramers-Kronig analysis of the reflec¬ 
tivity spectrum are a)‘fo = 297 cnr 1 and (offi = 
305-5 cm-'. 

Analogous situation has been formed in 
ZnTe doped with S, the experimental fre¬ 
quencies are to'fo = 269 cm -1 and a = 
272 cm- 1 . 

The experimentally observed frequencies of 
Se in CdTe are com = 170 cm-' and gf = 
180 cm -1 . 

Band resonannces have been observed 
in the case of light substitutional impurity 
when the mass parameter is not high enough 
for example Mn in ZnSe where «j ft = 199 cm -1 . 

Gap or band modes have also been ob¬ 
served in the case of heavy impurities as 
Te in ZnSe, where = 182 cm -1 has been 
deduced from the Kramers-Kronig analysis 
of the reflectivity spectrum. 
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Resume-On etuilie par des mesures de magnetisme, de chaleur specifique et de diffraction de neutrons 
les spinelles cubiques Mn,,Ni, ,, [Mn 2 „Ni„)0 4 . I.'etude porte sur trois echantillons correspondant 
a i’ = 0,74, 0,80 et 0,93. On etablit, dans le cas de chaque valeur du degre d’inversion, la structure 
magnetique a 4,2°K- elle est du type structure ‘en etoile". On exphque la faible valeur de I’aimanta- 
tion spontanee de ces echantillons. L’etat de valence des ions des sites A est determine, devolution 
de la structure en fonction de la temperature est etudide: on montre experimentalement que la struc¬ 
ture ‘en etoile' se transforme en une structure ferrimagnetique colineaire a une temperature de transi¬ 
tion T , < T c comme le prevoit la theorie. 

Abstract —Cubic spinels Mn 4 Ni|-JMn 2 .,,Ni„|0 4 are studied by means of magnetic measurements, 
specific heat and neutron diffraction. Three samples corresponding to r = 0-74, 0-80 and 0-93 are 
studied. We show that the magnetic structure at 4-2°K is a ‘star’ structure, whatever the inversion 
degree. The weak values of the spontaneous magnetization of these samples are explained. The valen¬ 
cies of A site ions arc determined. The evolution of the magnetic structure as a function of temperature 
is studied; we show experimentally that the ‘star’ structure becomes a collinear ferrimagnetic structure 
at a transition temperature /', < 7',. as theoretically predicted. 


INTRODUCTION 

Dans un precedent article [ 1J on a montre 
que, suivant le traitement thermique auquel 
est soumis l’echantillon, le degre d’inversion 
v du spinelle cubique Mn,,Ni 1 -„[Mn 2 _„ 
Ni,,]0 4 peut varier entre v = 0,74 et v = 0,93. 
On sait|2] que certaines proprietes ma¬ 
gnetiques de ce compose varient avec le traite¬ 
ment thermique et que quelque soit a, I’ai- 
mantation spontanee mesuree a basse tempera¬ 
ture est toujours petite. De plus la presence, 
en proportions presque egales, dans les sites 
B de deux sortes d’ions amene a penser 
qu’une structure ‘en etoile’ decrite et etudiee 
dans [3] peut exister. 

Dans le but d’expliquer les proprietes 
magnetiques et de verifier experimentalement 
la theorie exposee dans [3] on etudie par 

*Partie de la these de doctorat d'etat, Paris le 2 Decem- 
bre 1968. 

tL.M.P.S., C.N.R.S. Bellevue-92, France. 


des mesures d'aimantation, de chaleur 
specifique et de diffraction de neutrons trois 
echantillons correspondant a p=0,74, 
v = 0,80, v — 0,93. L’6tude cristallographique 
de ces corps a ete faite dans [ 1). 

Apres avoir etabli la structure magnetique 
a basse temperature, qui est du type ‘en 
etoile', on etudie 1’evolution de cette structure 
en fonction de la temperature. 

A. STRUCTURE MAGNETIQUE 
DE NiMn 2 0 4 A 4,2°K 
1. Donnees experimentales 
(1) Mesures d’aimantation (4,2°K). On a 
mesure dans des champs intenses* (jusqu’a 
200 kOE), l’aimantation /, des differents 
echantillons (Fig. 1); on constate: (a) qu’il 
n’y a pas saturation dans les champs eleves; 


‘Mesures faites par MM. Krebs et Miedan-Gros, 
DPh/SRM, Saclay. 
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on observe une variation lineaire de 1’aimanta- 
tion comme ii est usuel dans le cas des 
composes dont la structure magnetique n'est 
pas colineaire. On appelle aimantation spon- 
tan6e /„, I’ordonnee a I’originc (H =0) de la 
partie lineaire de la courbe /(H) a 4,2°K; 
(b) que I’anisotropie est forte dans le cas des 
composes dont le degre d’inversion est 
faible (v < 0,80). Un champ de 40kOE 
est necessaire (v = 0,74) pour atteindre la 
partie lineaire de la courbe; (c) que lorsque 
l’anisotropie est forte la courbe /(H) a une 
forme inhabituelle dans des champs inferi- 
eurs a 8 kOE: l’aimantation croit d’abord 
lineairement avec le champ, puis croit 
plus rapidement (entre 6 et 8 kOE), enfin 
la courbe s’inflechit pour suivre une variation 
plus reguliere (Fig. 1); (d) que I’aimantation 
spontanee / 0 varie fortement avec I’inversion 
(Fig. 2; Tableau 1) et que dans tous les 


Tableau I 


V 

A) 

(/a*/ mol.) 

I, 

l°K) 

Meff. 

<M«/ a t) 


0,74 

0,4 

161 

3,96 

- 190 

0,76 

0,4 

155 



0,78 

0,5 

145 



0,80 

0.6 

130 

4,20 

-278 

0.82 

0.78 

127 



0,87 

1.22 

116 



0,93 

1,75 

114 

4,05 



cas la valeur de I’aimantation reste faible 
par rapport a ce que 1’on peut attendre d’un 
ferrimagnetique dont les moments seraient 
alignes. 

(2) Mesures de susceptibility. On a mesure 
la susceptibilite entre 900°K et la tempera¬ 
ture de Curie*. Les courbes l/x(T) obtenues, 

‘Mesuresfaitesaulaboratoire de M. Allain, DPh/SRM, 
Saclay. 
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dont une est representee sur la Fig. 3, ont 
la forme generate de celles des ferrima- 
gnetiques. Ces mesures confirment les tem¬ 
peratures de Curie deja determinees. Les 
temperatures de Curie des echantillons 
varient entre 114° et 161°K; plus le spinelle 
est inverse plus la temperature de Curie 
est faible (Fig. 4). Aux hautes temperatures 
ll\(T) est une fonction lineaire de T. La 
valeur du moment paramagnetique effec- 
tif deduit des mesures est reportee au Tableau 
I. 

(3) Mesures de diffraction X. Les mesures 
effectuees a 4,2°K ne mettent en evidence 
aucun changement de systeme cristallin 
(precision relative sur les parametres de la 
maille: 10 _4 )+ 

tMesures faites par MM. Jehanno et Kleinberger, 
DPh/SRM, Saclay. 


(4) Mesures de diffraction de neutrons. 
On a fait a 4,2°K, dans le cas de chaque 
echantilion, les spectres de diffraction de 
neutrons sans champ applique, puis avec 
un champ de 15 kOE applique suivant le 
vecteur de diffusion K(Fig. 5). 

On obtient des spectres qualitativement 
identiques quelle que soit la valeur de v. 
Toutes les raies s’indexent dans la maille 
chimique. Ces spectres obeissent aux lois 
d’extinction caracteristiques des reseaux 
cubiques a faces centrees. De plus la rate 
(200) nulle a temperature ambiante reste 
nulle a 4.2°K (avec ou sans champ). 

Quand on applique le champ magnetique, 
les intensites des raies de diffraction, corres- 
pondant a un echantilion donn6, varient 
toutes dans le meme sens: toutes croissent 
ou toutes decroissent (Figs. 6 et 7). 
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Fig. 3. Variation tic I'invcrsc de la susceptibilite en fonction de la temperature (// - 3 000 OE), 

V -■* 0,74. 


2. Structure magnetique 
Les lois d’extinction caracteristiques des 
reseaux cubiques a faces centrees etant 
respectees, on peut subdiviser les sites A et B 
respectivement en deux sous-reseaux 
Ai et A et en 4 sous-reseaux B,. B 2 . B :] et 
B„ tous cubiques a faces centrees. L’etude 
cristallographique ayant mis en evidence 
I’absence d’ordre a grande distance entre 
les ions manganese et nickel sur les sites 
A ou B, on affectera a chaque ion A un 
moment magnetique moyen fictif de module 
S,, et a chaque ion B un moment moyen 
fictif de module S„. 

(1 ) La raie (200) est nulle en !'absence de 
champ applique. Ceci entraine: 

(a) Dans le cas des sites A: 

S A , = S At = S A . 


Les moments des ions des sites A forment 
done un sous-reseau ferromagnetique. 

(b) Dans le cas des sites B: (les moments * 
magnetiques etant egaux), fun des quatre 
modeles suivants (Fig. 8): (a) II y a 4 sous- 
reseaux dont les aimantations sont disposees 
suivant les 4 aretes d’une pyramide a base 
rectangulaire, axee sur une des six directions 
[hOOl (la disposition relative des moments 
S H) sur les aretes de la pyramide depend 
de la direction [hOOJ^ considered, (fi ) Les 
quatre sous-reseaux S fif se groupent deux a 
deux formant deux sous-reseaux dont les 
aimantations sont symetriques par rapport 
a un plan de la forme {h00} (le groupement 
des sous-reseaux depend egalement du plan 
de symetrie consideree). (y) Les quatre 
sous-reseaux se confondent en un seul 
(aimantation de direction quelconque). (8) II 
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Fig. 4. Variation de la temperature de Curie en function de I’inversion. 
Intensity neutrons 



_ H- 0 

..H * 15000 0« suivant (T 

... Niveau nucteaire (spectre d 300*K) 

Fig. 5. Spectres de diffraction de neutrons a 4,2°K; v = 0,93; X = 1,143 A. 
Trait plein: spectre sans champ; Tirets: spectre avec un champ de 
15kOE applique suivant le vecteur de diffusion; Pointing; niveau 
nucteaire. 
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Fig. 8. Configurations de moments magn&iques (site B) rendant nulle I’intensite 

de laraie(220). 


y a quatre sous-reseaux dont les aimantations 
sont disposees suivant les droites qui joignent 
le centre d’un tetraedre a ses sommets. L’ai- 
mantation resultante d’un tel motif est nulle. 

Cette derniere solution peut immediate- 
ment etre rejetee: ce modele ne peut rendre 
compte de I’aimantation du corps observee; 
ce modele exige que l’intensite magnetique 
de la raie^222) soit nulle, ce que l’experience 
infirme. 

II reste a choisir entre les trois premieres 
solutions. 

(2) Le modele. Pour determiner la structure 
magnetique on compare les vaieurs calculees 
des intensites de raies de diffraction dans le 
cas des differents modeles avec les vaieurs 
observees. 

De cette comparaison il ressort que seule 


la structure y (un sous-reseau A et un seal 
sous-reseau B) peut rendre compte des in¬ 
tensites observees. 

Quand on applique un champ de 15 kOE 
parallele au vecteur de diffusion, en supposant 
que ce champ ne modifie pas le motif magne¬ 
tique et que I’anisotropie est suffisamment 
faible pour etre vaincue par ce champ, (cas 
v = 0,80 et 0,93), les mesures de diffraction 
de neutrons montrent que I’aimantation 
R« du sous-reseau B n est pas alignee 
avec celle du sous-reseau A (sinon les in¬ 
tensites magnetiques des raies de diffraction 
seraient nulles). 

La structure (Fig. 9) se compose done de 
deux sous-reseaux d’aimantation et R fl 
faisant entre eux un angle inferieur a 180°. 
L’aimantation resultante I 0 est suivant une 
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Eig. 9. Schema de la structure magnetique mise en 

Evidence par les mesures de diffraction de neutrons. 

troisieme direction. Nous verrons que ce 
modele reste valable dans le cas ^=0,74 
(anisotropie plus forte que dans les deux cas 
precedents). 

Avec un tel modele la variation de I'in- 
tensite des raies en fonction du champ 
applique suivant le vecteur de diffusion 
depend de Tangle que fait I’aimantation resul- 
tante IJr) avec les aimantations des sous- 
reseaux S, et R„. II est done normal que les 
intensites des raies dans le cas de certains 
echantillons croissent toutes quand on 
applique un champ comme le montre I’cx- 
pcrience. 

(.3) Mesure des intensites et compandson 
avec les intensites eulculees. (a) Traitement 
des mesures experimentales. On a obtenu les 
quantites experimentales 

;pp w cxp(— 
sin 0 sin 20 

en retranchant des intensites obtenues a 
la temperature de I’helium liquide, celles 
obtenues a la temperature ambiante corrigees 
de I’agitation thermique (B = 0,8 et 0,4 A' 1 
pour 300° et 4,2°K). 

Le facteur de forme magnetique adopte 
pour chacun des sites est une moyenne, 
tenant compte de I’inversion, entre le facteur 
de forme du manganese et celui du nickel[4j: 
(b) Determination des valeurs des parametres 
definissant la structure. La structure est 
completement definie par 3 parametres: 


par exemple S A , R B (ces 2 parametres sont 
chacun rapporte a un atome) et / (rapporte a 
une molecule). Deux autres ‘parametres’ 
a e\<p (Fig. 9) s’en deduisent. Pour determiner 
les trois parametres definissant la structure on 
connait dans le cas de chaque echantillon, de 
faQon precise: au moins six intensites de 
raies magnetiques de diffraction (spectres 
avec et sans champ) (Tableaux 2 et 3) et 
la valeur de I’aimantation /„ obtenue par des 
mesures classiques, soit 7 informations pour 
3 inconnues. 

On connait /„ par les mesures d’aimantation. 
L’intensite de la raie (220) sans champ ne 
dependant que de S A , on obtient ainsi directe- 
ment,V|. 

Connaissant /„ et 5, ( , on tire de la mesure 
d’intensite de la raie (III) sans champ la 
valeur de R„. 

La structure pent done etre entierement 
etablie a partir des mesures d’aimantation et 
de diffraction de neutrons faites sans champ. 
Les mesures de diffraction faites en presence 
d’un champ permettent de verifier I’exactitude 
des parametres ainsi determines: (c) Rcsultats. 

II n’y a aucune difficult^ pour rendre compte 
des donnees experimentales dans les cas 
v = 0,80 et = 0,93. 

Par contre dans le cas v = 0.74 l’existence 
d’une assez forte anisotropie rend plus 
delicate l’interpretation du spectre de diffrac¬ 
tion fait en presence d’un champ (15kOE). - 
On determine 5,,, R lt , /„ comme ci-dessus. 
La valeur de tiree de la mesure de I’intensite 
de la raie (220) avec champ est en tres bon 
accord avec les valeurs calculees (comme 
indique precedemment) a partir des valeurs 
Ra et /„ obtenues experimentalement. 
Par contre on ne peut rendre compte de I’in- 
tensite de la raie (111) (avec champ) que 
si Ion admet que S, fait un angle de 157° 
avec la direction [111], e’est-a-dire que I’ai- 
mantation resultante I„ ne s’aligne pas avec 
le champ et qu’elle fait un angle de 12° avec 
cette direction. La valeur calculee dans le 
cas de la raie (111) portee dans le Tableau 3 
tier* compte de ce fait. 
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Tableau 2. Comparaison des intensites calculees et observees 


jpF*„exp (-2B- 


., sin 2 fl \ 
A* / 


. n . _ {en pr^lmaille) pour H = 0. Les valeurs des 
sin v sm ztf 

aimantations S a ,R„,Ir et des angles Of et <p, determinees experimen- 
talement , sont indiquees au bas des colonnes. L'aimanlation /„ 
mesuree par des moyens classiques a ete repartee pour memoire 



V 

= 0,74 

V ~ 

0,80 

V 

= 0,93 

hkl 

Experim. 

Calculee 

Experim. 

Calculee 

Exp6rim. 

Calculie 

111 

190 813 
• 9 000 

191 195 

215 590 
+ 11 000 

204 160 

168 790 
+ 7 000 

162 950 

200 

0 

0 

0 

0 

0 

0 

220 

48 280 

47 800 

55 800 

55 750 

58 470 

60 140 

• 2 300 

± 2 500 

+ 2 700 

31 n 
222| 

; 24 000 

' 13 000 

1321! 

20 5291 11 

17 000 
+ 12 000 

25 900 

14 000 
+ 13 000 

1 l - 010l , j ,q20 

10010J 

400 

16 000 

33 240 

26 000 

36 360 

14 0(H) 

25 970 

' 13 000 

±12 000 

+ 12 000 

331 

35 420 
± 6 (KH) 

30 740 

34 260 
± 5 (KH) 

37 690 

26 860 
± 7 000 

25 640 

442 



15 755 

1 5 000 

15 083 



s t 

3'48 )x i, 


3.65 


3.90 p. /f 



1.91 


1.92 m* 


1.33 ii H 


IX 

3°25 1 


9° 


21"30' 



145-20' 


103° 


34°20’ 


t„ 

0.39 M „ 


0,60 M „ 


1.73 


/„ 

0.40 fj.„ 


0,60 m „ 


1.75 m* 



rF «e Xp (_2fl^) 

Tableau 3. Comparaison des intensites -t—— j— -r ——- 


(en p. H 2 lmaille) pour H = 15kOE parallele au vevteur de 
diffusion K 



V — 

0,74 

V = 

0.80 


v = 0.93 

hkl 

Experim. 

Calculee 

E^xperim. 

Calculee 

Experim. 

Calculee 

III 

36 650 
± 7 000 

36 120 

276 380 
± 11 000 

281 630 

103 550 
± 6 000 

105 700 

2(H) 

0 

0 

0 

0 

0 

0 

220 

23 120 
+ 2 000 

23 220 

79 600 
+ 2 500 

79 620 

28 530 
± 2 000 

28 680 

31 1 J 
2221 

non 

mesurable 

4 300 

32 500 
±12000 

34 600 

10 500 
±10 000 

11 670 

400 

10 000 
+ 9 000 

8 300 

33 500 
±15 000 

49 670 

16 000 
±12 000 

18 130 

331 

12 860 
+ 4 000 

13 510 

48 500 

6 000 

51 930 

14 500 
± 5 000 

16 630 

422 



16 500 
± 5 000 

21 563 




v 
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Les Tableaux 2 et 3 montrent que le modele 
rend bien compte de I’ensemble des resul- 
tats experimentaux y compris des faibles 
valeurs de 1’aimantation des corps consideres. 
La Fig. 10 represente le schema des structures 
obtenues. 

3. Re marques sur le modele 
(1) Elat de valence des ions. Les valeurs 
de S A (u) obtenues par les mesures de diffrac¬ 
tion de neutrons sont en tres bon accord 
avec les valeurs calculees (moment orbital 
bloque) dans le cas d’un sous-reseau ferro- 
magnetique forme des moments des ions 
Ni 2t et Mn’ + (Tableau 4). Le nickel n'etant 
stable qu’avec la valence 2 la formule du 
corps s’ecrit done: 

Mn»*Nif I t rt [Ni t4 MnSL r ,]o^ 

Avec cette formule les valeurs calculees 
(rapportees a un atome) de I’aimantation 
S H (v) d’un sous-reseau B (moments des ions B 
tous paralleles) sont tres differentes des 
valeurs experimentales R H (Tableau 4). 


Tableau 4 


V 

5 ; , calc. 

expdr. 

(Un) 

S„ calc 

R» 

0,74 

3,48 

3,48 

3,26 

1,91 

0,80 

3,60 

3,65 

3,20 

1,92 

0,93 

3,86 

3,90 

3,07 

1,35 


On a verifie qu’il n’etait pas possible de rendre 
compte de la valeur de R H , quelle que soit 
la repartition des valences. 

C'es resultats montrent bien que I’experience 
ne met en evidence que la valeur moyenne 
des ions des sites B. 

(2) Structure ‘en etoile’ de NiMn 2 Oj. 
Le modele trouve met en evidence un sous- 
reseau ferromagnetique (site A) (ce sous- 
reseau correspond a l’alignement pratiquement 
complet des moments de ce sous-reseau), et 
un autre sous-reseau d’aimantation R fl qui 
correspond a la valeur moyenne des moments 
des atomes peuplanl les sites B. R /( est la 
resultanle d’un ensemble de moments non 
alignes. 


S A* 3 / 48 HB S A x3 < 65 1*B s A« 3 / 90 HB 


34 o 20’L 


1 145*20' 
1=0,39 |t g 
3*25' 


703' 


U0,60(ig 


! \r 


21*30*1-- 


1*V3 Hb 


2R 0=2,66 (i g 


! 2 r B- 3 /®2 ^ g q» 3,84 g 


V m0,74 


v s 0,80 


v « 0,93 


Fig. 10. Evolution de la structure magnetique de NiMn 2 0 4 
en fonction du degre d’inversion. 
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Ce modele s’explique, du point de vue 
theorique, par un modele a trois sous- 
reseaux decrit precedemment[3]. Pour celii 
il suffit d’admettre que les interactions entre 
les moments des ions de site A avec les 
moments des ions de site B sont differentes 
suivant la nature de I’ion peuplant une posi¬ 
tion de site B (manganese ou nickel). S’il 
existait un ordre nucleaire a grande distance 
entre ces atomes, les mesures de diffraction 
mettraient en evidence les trois sous-reseaux 
ferromagnetiques formas respectivement des 
moments de site A, des moments des atomes 
de manganese de site B, des moments des 
atomes de nickel de site B (Fig. 11). En 

?A 



Fig. II. Schema dc la structure 'en 6toile' ‘ideale’ cor- 
respondant a NiMn 2 0.,. 

1 ’absence de cet ordre nucleaire, seule la 
valeur moyenne R„ de 1’ensemble des mo¬ 
ments des sites B peut etre mise en evidence. 
Les mesures de diffraction ne montrent 
done I’existence que de deux ‘sous-reseaux’ 
S 4 et R fl , non alignes. 

De plus le desordre nucleaire introduit 
des fluctuations du champ moleculaire sur 
le site B, perturbations d’autant plus fortes 
que les premiers voisins d’un atome B sont 
proches (2,97 A) et peu nombreux ( 6 ); 
au desordre de substitution s’ajoute done, 
pour les moments magnetiques des atomes de 
meme nature, un desordre de direction. L’en- 
semble de ces phenomenes explique la faible 
valeur mesuree de R fi . 


Notons que ce desordre de substitution 
observe sur les sites B perturbe beaucoup 
moins le champ moleculaire sur les sites A. 
En effet les premiers voisins B d’un atome A 
sont- loin (3,46 A) et rtombreux (12). II est 
done normal d’observer, par mesure de diffrac¬ 
tion, un r6seau.ferromagnetique dont la valeur 
mesuree de I’aimantation est proche de la 
valeur theorique. 

B. EVOLUTION EN FUNCTION DE LA 
TEMPERATURE DE LA STRUCTURE 
MAGNETIQUE DE NiMn,0 4 

On sait par la theorie[3] qu’une structure 
‘en etoile’ doit obligatoirement evoluer vers 
une structure colineaire quand la tempera¬ 
ture croit. 

On a mis experimentalement en evidence 
cette propriete. De plus on a precise revolu¬ 
tion des differents parametres definissant la 
structure ‘en etoile’ quand T < T, et l’ordre 
ferrimagnetique qui s’etablit quand T, < T < 
T t : 

Etant donne le comportement apparemment 
particulier de 1’echantillon u — 0,80, on 
traitera en premier lieu les cas v — 0,74 
et v = 0,93, puis on abordera le cas v = 0,80. 

B-l. ETUDE DU COMPORTEMENT 
MAGNETIQUE EN FONCTION DE 
LA TEMPERATURE DES ECHANTILLONS 
v - 0,74 ET 0,93 
1. Donnees experimentales 

(1) Mesures d'aimantation. L’aimantation 
1 en fonction du champ a ete mesuree a 
differentes temperatures. En extrapolant a 
champ nul la partie lineaire de la courbe 
/(H) on obtient l’aimantation spontanee 
/«(D. On suppose comme precedemment 
que le champ applique ne deforme pas la 
structure magnetique, cette valeur / 0 ( T) 
correspond done bien a la resultante du 
motif magnetique. 

Les courbes l 0 (T) sont representees sur 
les Figs. 12aetb. 

Ces courbes ont une allure tres particuliere 
et presentent a T = 85°K un ‘accident’ qui 
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Fig. 12. Variation de I'aimantation spontanee en fonction de la temperature. 
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correspond (voir plus loin) au passage de la 
structure ‘en etoile’ a la structure colineaire. 

(2) Mesure de la variation de I'intensite 
des raies de diffraction de neutrons en fonc- 
tion de T (Figs. 13 et 14). On a mesure ces 
variations d’une part sans champ exterieur, 
d’autre part dans un champ de 15 kOE paral- 
l£le au vecteur de diffusion K. 

Le cas v = 0,93 (Fig. 13) est particuliere- 
ment interessant: l’anisotropie de cet echan- 
tillon est faible quelle que soit la temperature 
et un champ de 15 kOE permet toujours 
d’aligner l’aimantation resultante avec le 
champ H. En presence d’un champ applique 


les intensites des raies (111), (220), (331) 
s'annulent toutes a une meme temperature 
Tj < T c . Ce resultat montre clairement que 
la structure devient colineaire a T = T u 
conformant ainsi la theorie [,3], 

Dans le cas v = 0,74 la d£croissance de 
l’anisotropie forte a 4,2°K, avec la tempera¬ 
ture est suffisamment rapide pour qu’un champ 
de 15 kOE puisse mettre en evidence le meme 
phenomene. Les intensites mesurees sous 
champ s’annulent toutes a T, = 84°K (Fig. 14). 

Les spectres de diffraction mesures a 
95°K avec et sans champ confirment ce 
resultat. 




0 50 100 150 200 2S0 PTr 

l 15 k II T 

Fig. 13 Variation des intensitis magnetiques des raies de diffraction (111) et 
(220) en fonction de la temperature, v = 0,93. 
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. ET-15 k.CE 

l-'ig. 14. Variation dcs inlcnsites magnetiques des raies de diffraction (III) et 
(220) en fonction de la temperature, v — 0.74. 

2. Variation, en fonction de la temperature, C’es courbes correspondent au ‘cas 2’ de la 
des differents parameters definissunt la theorie[3]. 

structure (2) Variation de R„ et cos a (Figs. 15 et 

(1) Variation de S A (7) et <p(T). L’intensite 16). a tend vers zero quand 7 tend vers 7,, 
de la raie (220) mesuree sans champ et avec e’est-a-dire que la structure evolue avec 
champ donne directement la valeur des para- T vers une structure ferrimagnetique et non 
metres S A (T)et<p( 7). Connaissant la structure ferromagnetique (R« oppose a S,,). 
a4,2°K, il n’y a pas d’ambiguite sur la valeur Connaissant la variation de ip, on obtient 
<p qui ne peut etre confondue avec son supple- sans ambigui'te, a partir de l’intensite de la 
ment. Lorsque T tend vers 7,, p tend vers raie (11 l)cellede/?„. 

0° (1 0 (7) de meme sens que SJ dans le cas (3) Structure magnetique quand T, < T < 
r> = 0,93 et <p tend vers 180° (/„(7) oppose T c . La structure est colineaire. II s’agit 
aS^) dans le easy = 0,74. de definir le sens, par rapport a S^, des aiman- 

Les courbes representatives S A (T) (Figs. 15 tations des deux sous-reseaux magnetiques 
et 16) presentent un accident a 7, = 85°K. formes par les moments des ions des sites B. 
La pente des courbes montre une variation II est raisonnable de supposer, etant donne 
brusque au voisinage de 7,; cette pente est ce que Ton sait sur les interactions magne- 
plus petite au-dessous qu’au dessus de 7,. tiques AB et BB dans les spinelles, que les 
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constantes de champ moleculaire <*,/3,-y 
sont negatives correspondent res- 

pectivement aux interactions entre les 
moments .S' M „ W -5 Nt ", 5 NI S -.S /1 , S A -S M „ H ) 
{3J. Avec cette hypoth£se, on deduit, con- 
naissant la forme de la courbe S A (T) quand 
T =* 7,, d’apres[3J que les aimantations des 
deux sous-reseaux des ions des sites B sont 
antiparalleles. 

Les mesures de l,S A ,R H dans cette region 
de temperature sont en accord avec ce resultat. 

Posons^tT,) =V?,S a <0°K) 

SL(7'.)=^„(0) 

= R t (2-v)S Mn (0) 

■Sni (= R : \vS N \(0), 

oil 5 Mn et 5 N i represented la valeur des 
moments de spin des ions manganese et 


nickel peuplant le site B. R t est un facteur 
de proportionnalite traduisant la diminution 
de i’aimantation entre 0°K et 7,. 

On sait d’apres[3] qu’a 7=7, au moins 
deux des trois rapports R, sont peu inferi- 
eurs a l’unite. II faut done que R 2 ou R 3 
soit du meme ordre de grandeur que R, 
(qui est connu par les mesures de diffraction 
de neutrons etre de I’ordre de 0,7-0,8). 

Ceci est possible compte tenu des vaJeurs 
R, t determinees par diffraction. En effet 
Sm„ etant antiparallele a on a 2R„ = 
\R 2 S' Mn (Q)-R s S^m. 

Cette relation lineaire entre et R :i est 
representee, dans le cas de chaque valeur de 
v, sur la Fig. 17. On voit qu’il est aise de 
trouver un couple de valeur R 2 M :i tel que 1’une 
au moins soit du meme ordre de grandeur 
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que Ri et que la relation precedente soit 
satisfaite. 

En outre, S M n' doit aussi etre oppose a 
S„ pour que R fl soit, comme le montre Pex- 
perience, antiparallele a S v 
La structure haute temperature peut done 
etre ainsi decrite: l’aimantation du sous- 
reseau manganese des sites B est opposee 
a I’aimantation du sous-reseau A et a I’aiman- 
tation du sous reseau nickel des sites B. 

3. Mesures de chaleur specifique 
M. Lecomte* a mesure la chaleur specifique 

*DPh-SRM. Saday. 


a pression constante de I'echantillon v — 0,74 

(Fig. 18). 

On observe deux anomalies: l’une a 
160,7 o ±0,2°K correspQndant a la tempera¬ 
ture de Curie, Pautre a 84,3°±0,2°K corres- 
pondant au passage de la structure ‘en etoile’ 
a la structure colineaire. Le pic correspondant 
a r,(84,3°K) est plus etroit (~ 5° a la base) 
que celui correspondant a T r (20° a 25° a la 
base), mais correspond a une variation d’en- 
tropie au moins egale k la variation d'en- 
tropieobserveea7~ T ( . 

Ainsi les mesures de chaleur specifique 
mettent en evidence non seulement la tem- 



T*K 



Fig. i8. Variation dc la chaleur specifique a pression constante en fonction de la 
temperature, v = 0,74 et v = 0,80. 
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perature de Curie, mais aussi ia temperature 
de transition T,. Cette methode est la seule 
qui nous ait permis de determiner avec preci¬ 
sion le temperature 7",. 

B-2. ETUDE DU COMPORTEMENT MAGNETIQUE 
EN FONCTION DE LA TEMPERATURE DE 
L’ECHANTILLON k = 0,80 

1. Donnies experimentales 
Cet echantillon presente une evolution 
thermique apparemment originale par rapport 
aux deux precedents. 

(I) L'aimantation spontanee, relativement 
forte a T — 4,2°K (/„ = 0,6p,Jmo\.), de- 
croit rapidement pour atteindre une valeur 
tres faible a T - 65°K (/ - 0,05 p H lmo\.) 
(Fig. 12(c)). Elle reste constante jusque 


vers 100°K, puis decroit pour atteindre 0 
a T = T c . 

De plus les courbes /(H) r a temperature 
constante montrent que 1’anisotropie est 
faible. 

(2) Variation avec la temperature de I'in- 
tensite de la raie (220) mesuree sans champ 
par diffraction de neutrons (Fig. 19). Cette 
raie decroit regulierement de 4,2°K a T c = 
128°K, sans presenter d’‘accident’, contraire- 
ment aux cas precedents. Son intensite ne 
depend que de 5^. La valeur de S A (T) suit 
la loi de Brillouin avec J — 2 (Mn 3+ ); aucun 
accident de cette courbe ne laisse prevoir 
une evolution vers une structure colineaire. 

(3) Variation des rates (220) et (111) par 
diffraction de neutrons en presence d’un 
champ 15 kOE parallele au vecteur de diffu- 



Fig. 19. Variation des intensites magndtiques des raies de diffraction (111) 
et (220) en fonction de la temperature, v = 0,80. 
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sion K (Fig. 19). Les intensites ne s’annulent 
a aucune temperature inferieure a T c , comme 
cela devrait se produire en presence d’un 
champ si la structure devenait colineaire 
(anisotropie faible). On observe meme dans 
le cas de la raie (111) un maximum entre 7, 
et 7 C . 

(4) Mesures de chaleur specifique* (Fig. 
18(b)). A temperature egale, les valeurs de 
la chaleur specifique sont legerement plus 
faibles dans le cas v = 0,80 que dans le cas 
precedemment dtudie (r = 0,74), l’ecart 
augmentant quand la temperature T(< T r ) 
croit. 

On observe deux anomalies, l’une a 128,4° ± 
0,2°K(7 r ), l’autre a 82,4±0,2°K (7',) presen- 
tant les memes caracteristiques que celles 
obtenues dans le cas v = 0,74: le pic a 7 — 7, 
est plus etroit que celui a 7 = 7 r ; la variation 
d’entropie correspondant au passage de la 
structure en etoile’ a la structure alignee 
est superieure a celle correspondant a la 
temperature de Curie du corps. 

La similitude des deux courbes permet 
d’affirmer que la structure 'en etoile' se trans- 
forme bien dans le cas v = 0,80 en une 
structure alifinee a 7, = 82,4°K. 

11 faut de plus signaler que le pic de chaleur 
specifique, existant quand 7-7,, est 
superpose a une ’bosse’ s’etendant sur 25° 
a 30° et cbrrespondant a une variation d’en¬ 
tropie beaucoup plus importante que les 
variations d’entropie correspondant a T c 
(ou 7,). 

2. Interpretation du cas v — 0,80 

(1) Structure haute temperature. Les 
mesures de diffraction faites a 95°K en 
I’absence de champ conduisent a un modele 
ferrimagnetique aligne. La valeur trouvee 
R B s’explique comme dans les deux cas prece¬ 
dents en mettant I’aimantation du sous- 
reseau nickel de site B parallele a S,, et de 
meme sens, celle du sous-reseau manganese 
de site B antiparallele a S,. 


‘Mesures faites par M. Lecomte, DPh-SRM, Saclay. 


(2) En presence d’un champ. Dans[3] on a 
catcule l’energie magnetique en negligeant le 
champ interieur. Ceci est valable dans le 
cas d’une structure a„ trois sous-reseaux, 
tant que l’aimantation / du corps est suffisam- 
ment grande. Quand / est petit il n’en est 
plus de meme et en 1’absence d’anisotropie 
le minimum de 1’energie est obtenu pour: 

H = (y + «)5 m „ sin0 + (y+/8 Wsin (0 + <p) 

= 0 

|^= ^y+y^MnS*n«/' + (y+/8^S N1 sin(e + ^) 

= 0 

oil E est l’energie magnetique et 0 et ip 
represented respectivement les angles des 
moments entre eux (Fig. 11). 

Experimentalement nous appliquons un 
champ de 15kOE; quand / est grand, le 
terme dependant de H est negligeable par 
rapport aux constantes afl.y. C’est ce qu’on 
a verifie a 4,2°K pour les trois echantiilons 
etudies. Par contre quand / est petit (par 
exemple de I’ordre de 0,04/i,„/mol dans le cas 

* = 0,80 a 7 = 85°) f ~ ~ 400 kG 

I’ordre de ll^G et l’aimantation d’un sous- 
reseau de I’ordre de 3 ou 4 /t fl /mol, les 
constantes de champ a.p.y. seront de 
I’ordre de 300 kG mol."'. valeur de meme 

ordre que —. Nous n’avons done plus le droit 

de negliger ce terme, 1’application d’un champ 
pouvant modifier le type de structure. 

Quand on applique un champ exterieur 
de 15 kOE, les mesures de diffraction de 
neutrons (spectre a 95°K et variations 
thermiques (Fig. 19)), montrent qu’on ‘induit’ 
une structure 'en etoile’ lorsque 7, < 7 < 
T ( avec un angle a de l’ordre de 20 a 30' et 
un angle <p de l’ordre de 30° a 7 = 7,. L’im- 
portance de ce dernier provient du fait que 
S A et 2R S sont pratiquement egaux en lon¬ 
gueur. 
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Pig. 20. Variation des differents parametres definissant la structure 
en fonction de la temperature, v — 0,80. Influence de H aux hautes 
temperatures. 


Ainsi a une temperature donnee, quand / 
est suffisamment petit, le champ applique 
transforme une structure ferrimagnetique 
colineaire en une structure ‘en etoile’ et quand 
7 est tnferieure a 7",, H modifie les angles de 
la structure ‘en etoile'. II s’ensuit que, lorsqu’a 
une temperature donnee on extrapole a 
H = 0 la partie lineaire de la courbe 1(H ), 
on obtient (si 1(H) est petit) une valeur 
differente de la resultante du motif ma- 
gn&ique. La courbe representative /„(7) 
(Fig. 12(c)) ne represente pas la variation de la 
valeur de la resultante du motif magnetique 
quand 7 > 55°K. Les variations des difF6- 
rents parametres definissant la structure avec 
ou sans champ applique sont representees 
Fig. 20. 

CONCLUSION 

A basse temperature cette etude experimen- 
tale a mis en evidence un type nouveau de 


structure magnetique dite structure ‘en etoile’ 
dont on avait prevu I’existence par un calcul 
theoriquel3). Ce modele explique les faibles 
valeurs de I’aimantation spontanee et la 
grande variation de cette derniere en function^ 
de I’inversion. Si on ne prend pas la pre¬ 
caution de faire des mesures de diffraction 
precises en presence d'un champ applique 
la structure peut etre confondue avec une 
structure ferrimagnetique alignee, mais dans 
ce cas il est impossible d'expliquer la faible 
valeur de i'aimantation. 

Quand la temperature croit, la structure 
‘en etoile' evolue vers une structure ferri¬ 
magnetique alignee confirmant ainsi la theorie. 
De la forme des courbes representatives de 
la variation des aimantations en fonction 
de 7 autour de la temperature de transi¬ 
tion, il est possible de determiner le type de 
structure colineaire obtenue a haute tem¬ 
perature. 
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Abstract-The high-pressure phase diagrams of KCIO, and KBF 4 were studied by means of differen¬ 
tial thermal analysis. The KCIO, orthorhombic/cubic transition line rises from 296°C at atmospheric 
pressure to 566°C at 11-3 kbar, where it decomposes explosively. The melting curve of cubic KBF 4 1 
rises from 580“C to a triple point at 16-4 kbar, 852°C, where a new phase KBF 4 III appears. It is sug¬ 
gested that the tetrahedral anions rotate freely in KBF, III. The KBF, ll/I (orthorhombic/cubic) 
transition line rises from 278-6°C to the KBF 4 11 I/I 1/1 triple point at 33-3 kbar, 928°C, and the result¬ 


ing I I/ll I transition line was followed to403 kbar, 
to 22-6 khar, 950°C. 

INTRODUCTION 

The crystal chemistry of AT0 4 substances 
has been fairly extensively studied and cor¬ 
related at atmospheric pressure [I-3]. Some 
scattered work has been done at elevated 
pressures [4], but in the case of substances 
closely related to those studied in the present 
work the only high-pressure results reported 
have been those of Bridgman [5], who studied 
the polymorphism of the alkali perchlorates 
to 50 kbar and ~ 100°C, and a recent study of 
the phase diagrams of NaBF 4 and NaCI0 4 to 
40 kbar [6], 

The room-temperature modifications KBF 4 
II and KCI0 4 II have the barite structure 
[7, 8], and are therefore isostructural with the 
perchlorates and fluoroborates of rubidium, 
thallium and caesium [3]. These substances 
have cubic high-temperature modifications 
[3] with the space group Fm3m[6], The 
disorder in the structure is not caused by 
free rotation of the anions, but is of a type 
which maximizes the cation-oxygen (or 
cation-fluorine) distances [6]. This transi¬ 
tion occurs at ~ 300°C for KC10 4 [9, 10], and 
at 277°C for KBFJ11], KBF 4 1 melts at 
530°C[12]. while KC10 4 1 decomposes 
before melting[13}. 


985°C. The melting curve of KBF 4 III rises steeply 

EXPERIMENTAL PROCEDURES 

KC10 4 with a certified purity of 99 per cent 
was obtained from Koch-Light & Co., and 
KBF 4 from BDH. The KBF 4 was purified by 
washing with cold and hot water and with 
ethanol. The salts were thoroughly dried 
before use. 

Pressures up to 40 kbar were generated in a 
piston-cylinder device! 14], The furnace 
assembly was similar to that used by Cohen 
el a/.[ 15], Phase changes were detected by 
means of differential thermal analysis (DTA), 
using Chromel-Alumel thermocouples below 
— 900°C and platinum-platinum-10% rho¬ 
dium thermocouples above this temperature. 
The results were corrected for the effect of 
pressure on the thermocouples [16]. The 
samples were contained in metal capsules 
which incorporated thermocouple wells [17]. 
The work on KBF 4 was done in Cu capsules, 
while Ni capsules were used for KC10 4 . 
KC10 4 decomposed explosively at high pres¬ 
sures near ~ 600°C, and its phase boundary 
could therefore not be followed beyond this 
point. No capsule attack was observed. The 
axial thermal gradient along the sample cap¬ 
sule was reduced by sandwiching the capsule 
between two insulated metal plugs [18]. Each 
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phase boundary was based on several separate 
runs. The results of different runs were con¬ 
sistent. The heating/cooling rate was in the 
range 0-2-0-8°C/sec. Sliding friction was 
determined by comparing results obtained on 
increasing and on decreasing pressure. The 
pressures obtained in this way were further 
corrected for the effect of nonsymmetrical 
pressure losses [19], The corrected pressures 
are believed accurate to ± 0-5 kbar. The points 
plotted represent the mean of heating and 
cooling in the case of solid-solid transitions, 
and melting temperatures in the case of 
solid-liquid phase changes. 

RESULTS 

Potassium perchlorate 
The KCIO.,1 I/I transition line is shown in 
Fig. 1. The transition yielded extremely 
strong and sharp DTA signals at atmospheric 
pressure. The - 10°C thermal hysteresis was 
independent of the heating/cooling rate in the 
range 0-2-2-0 o C/sec. The present atmospheric 
pressure transition points are 301 on 
heating and 291-TC on cooling, being the 
mean of 26 determinations. At higher pres¬ 
sures the signals become considerably 
broader, and the thermal hysteresis increase 
somewhat. This is a consequence of the large 
slope of the transition line and the large 
volume change (see below) associated with 
the transition, which cause a considerable 



Fig. 1. Phase diagram of KCI0 4 to 15 kbar. 


local change in pressure as the transition 
occurs, and thereby broaden the DTA signals. 
The observed points, fitted to a simple power 
series, are shown in Table 1. 

The latent heat of the KC10 4 I1/I transi¬ 
tion is 15-1 kJ/mole[9]. With the present 


Table I. Phase relations of KCIO., and KBF 4 


Transition line 

Fit 

Standard 

deviation 

KCIO, ii/i 

t(°C) = 296-2+ 23-9P-0-0098P 2 

3-6°C 

KBF, ll/I 

t(°C) = 278-6+ 22-4P —0-086P 2 

4-6°C 

KBF.I/III 

t(°C) = 852 + 8-03(P — 16-4) —0-216(P— 16-4) 2 

2-8°C 

KBF« I1/III 

t(°C) = 928 + 8-7<X P - 33 -3) - 0-084( P - 33 . 3 'p 

2-9°C 

KBF, l/liq. 

P/9-625 = (T/853) 3 W1 -l 

0-41 kbar 

KBFJH/liq. 

(P- l6-4)/3(!-27 = (T/l I25) , aw - 1 

0-07kbar 


_ . , Pressure Temperature 

Triple point (kbar) ( o C) 


KBF 4 lll/l/liq 
KBFJU/Il/I 


16-4 ±1-0 852 ±5 

33-3±0-5 928±4 
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initial slope of the transition line, viz. 24°C/ 
kbar, the Clapeyron relation yields 

AV„„ = 6-4cm 3 /mole, 

which is ~ 11 % of the molar volume of the 
low-temperature phase. 

Potassium tetrafluoroborate 
The phase diagram of KBF 4 is shown in 
Fig. 2. The DTA signals corresponding to the 
KBF 4 II/I transition behaved in the same 
fashion as those of the KCIO 4 II/I transition 
at low pressures, but slowly became sharper 
once again above ~ 20 kbar, together with a 
gradual decrease in thermal hysteresis. The 



Fig. 2. Phase diagram of KBF, to 40 kbar. 


atmospheric pressure transition points are 
285-2°C on heating and 272* 1 # C on cooling, 
being the mean of 12 determinations. The 
thermal hysteresis was ^independent of heat¬ 
ing/tooling rate in the range 0-3-2*0°C/sec. 

The melting line of KBF 4 1 yielded sharp 
signals and rose from an atmospheric pres¬ 
sure value of 580°C to a triple point KBF, 
Ill/I/liquid at 852°C, 16*4 kbar. At higher 
pressures two DTA signals are encountered 
due to the 1/111 transition and to the melting 
of KBF 4 III. The I/III transition had a ther¬ 
mal hysteresis of less than 5°C. This transi¬ 
tion line meets the 11/1 transition at a triple 
point 111/11/1 at 928°C, 33-3 kbar. The result¬ 
ing KBF 4 II/IH transition line yielded sharp 
and strong DTA signals, and was followed to 
40-2 kbar, 984°C. At heating/cooling rates 
above — 0-7°C the Ill/ll transition, as well as 
the 1/11 transition above ~ 28 kbar, tended to 
supercool by ~ 5°C. Supercooling could be 
recognized by a sudden reversal of motion of 
the temperature pen accompanied by a sharp 
rise in temperature of the sample to the transi¬ 
tion temperature observed on heating. The 
phase relations of KBF 4 are summarized in 
Table 1. The melting curves were fitted to 
the Simon equation [20] 

p-p tt =A[(Tn 0 y-\] 

where 7°K is the melting point at P kbar, P 0 
and T„ are the coordinates of the triple point of 
the phase in question, and A and c are adjust¬ 
able constants, determined by means of 
Babb’s method [21]. 

DISCUSSION 

An inspection of Table 1 shows that the 
11/1 transition lines of KCIO 4 and KBF 4 are 
closely similar with regard to slope and curva¬ 
ture. Since the crystal structures of the phases 
II on the one hand, and the phases I on the 
other, are identical, it can be expected that the 
entropy of the KBF 4 II/I transition is close to 
that of the KCIO, II/I transition. The volume 
changes upon transition are therefore also 
closely similar. 
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The room-temperature phases of RbCI0 4 , 
TIC10 4 , NH 4 CI0 4 and CsCI0 4 have the same 
crystal structure as KC10 4 1I[3]. Bridgman 
[5] found that in the pressure range to 50 
kbar CsC10 4 has a transition with a volume 
change of 3-5 cm 3 /mole, while RbCI0 4 , 
T1CI0 4 and NH 4 C10 4 each have a transition 
with a volume change of less than I-3 cm 3 / 
mole. This suggests that the high-pressure 
form of CsCI0 4 has a crystal structure differ¬ 
ent from that of the high-pressure forms of 
RbCI0 4 , TICIO, and NH 4 C10 4 . KC10 4 did 
not have a high-pressure transition to 50 
kbar. NaCIO„ has two high-pressure transi¬ 
tions in this range [5], and it has been shown 
that NaC10 4 111, the phase stable at pressures 
above ~ 30 kbar, probably has the same 
structure as KCI0 4 II[6], It therefore appears 
probable that for, e.g., the alkali perchlorates, 
and probably also the alkali tetrafluoroborates, 
a larger cation radius simulates higher pres¬ 
sure, as is the case with the alkali halides. One 
can therefore expect KCI0 4 and KBF 4 to 
undergo transitions to the structure of the 
high-pressure form of RbCI0 4 or CsCI0 4 , or 
both, at pressures above 50 kbar. If the 
similarity between the phase diagrams of 
KC10 4 and KBF 4 is real, one can further 
expect RbBF 4 to have a high-pressure transi¬ 
tion near 20 kbar as in the case of RbCIO„. 
Work is in progress to check these predictions. 

The atmospheric pressure melting point of 
KBF 4 1 is given as 530°C in the literature [12], 
Our present value for material contained in a 
metal capsule is 580°C. The discrepancy is 
probably due to slow decomposition of the 
uncontained material as the temperature was 
raised to the melting point. If this is correct, 
the present value should be preferred. Similar 
considerations were found to apply in the case 
of NaBF 4 [6]. 

The structure of the group of cubic high- 
temperature phases, of which KC10„1 and 
KBF 4 1 are examples, has only recently [6] 
been clarified. The cations and the central 
atoms of the anions were known to have the 
positions of sodium and chlorine, respectively, 


in NaCI[10, 13]. Originally it was proposed 
that the space- group is T d 2 -F43m , but the 
proposed oxygen or fluorine parameters led to 
completely unreasonable interatomic dis¬ 
tances. Later work [22] suggested that the 
rotation of the anions does not leave the 
oxygens in fixed positions. However, in a ~ 7 
A cell with a Cl-O distance of ~ 1 -5 A this 
requires a minimum cation-oxygen approach 
of ~ 2 A, which is not acceptable even for 
NaC10 4 , and certainly not for larger cations. 
A satisfactory description of the structure [6] 
showed that the disorder in the structure was 
not caused by free rotation of the anions, but 
was of a type which maximizes the cation- 
oxygen distances. The 16 oxygen atoms 
appear in the 32/set of positions of the space 
group Fm3m, with x — b/V3, where b repre¬ 
sents the ratio of the cation-oxygen distance 
and the unit-cell edge. The tetrahedral anions 
can therefore have either of two orientations 
which might occur either statistically, over 
limited domains, or alternatively interchange 
by flipping, i.e. 90° oscillations about a [100] 
direction of the parent cube of the tetrahedron. 

If the temperature is raised considerably, 
with resulting thermal expansion of the lattice 
as well as a considerable increase in thermal 
vibrational energy of the tetrahedra, one 
would expect that, eventually, a state would 
be approached where the earlier suggestion of 
almost free rotation of the tetrahedra became 
possible. "Ordinarily the substance melts 
before this point is reached. However, if 
pressure is increased, the melting point rises 
rapidly with pressure, and we suggest that the 
new phase KBF 4 I11 has this structure. If 
this is the case, KBF 4 II1 will also be cubic, 
space group Fm3m, as is KBF 4 1, but with a 
different structure. The DTA signals corres¬ 
ponding to the KBF 4 1/I1I transition are 
sufficiently strong to suggest that the transi¬ 
tion is of the first order. The considerable 
increase in slope of the melting curve at the 
KBF 4 liquid/111/1 triple point further shows 
that either Av or As, or both, for the I/I1I 
transition must be non-zero. A similar phase 
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might be found to occur in the phase diagram 
of NaBF 4 [6] at pressures above ~ 40kbar 
and temperatures above ~ 850°C, as well as 
possibly in the phase diagram of RbBF 4 in 
approximately the same position as KBF 4 
III. Work is in progress to test this prediction. 
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Abstract-The thermodynamics of single superparamagnetic particles is studied by means of a 
Monte Carlo technique which we recently derived for the calculation of compact ferromagnetsfl, 2], 
Using this method, an exact (numerical) calculation of the magnetization and of the internal energy 
of the particle is obtained. The particle consists of several hundred to thousand spins arranged in a 
body-centered cubic lattice, interacting with nearest neighbours according to the Heisenberg model 
of ferromagnetism. It is shown that in the phase transition region the effect of the finiteness of the 
system cannot be explained by any shift of the Curie point, because the finite system does not exhibit 
any pronounced phase transition. A marked temperature dependence of the magnetization on the size 
arid shape of the particle is found. With these calculations it is possible to interprete the experiments 
in a new way. 


1. INTRODUCTION 

Assemblies of ferromagnetic particles having 
particle sizes smaller than a certain ‘critical 
volume’ show the behaviour of ‘superpara¬ 
magnetism’, i.e. the magnetization of the 
system in a magnetic field is equal to the 
corresponding thermodynamic equilibrium 
value and both remanence and coercitivity 
vanish [3-5]. These phenomena have been 
extensively studied both experimentally 
and theoretically (see [3-5] and references 
contained therein) and several applications 
have been proposed. The basic theory is the 
Neel-Langevin theory [6], in which any inter¬ 
action between the particles themselves is 
neglected and it is assumed that the magnetiza¬ 
tion of the small particle is the same as for the 
bulk material. We shall give a brief outline 
of this concept in Section 2, together with 
other approximate theories. Experimental 
investigations have shown that it seems to be 
well justified for many substances [7-11] to 
neglect the particle interaction, as we do it in 
this paper, although there have been found 
some exceptions [ 12, 13]. It is very difficult 
to take the interaction between the particles 
properly into account and therefore only crude 
approximations have been given [ 13,14]. 


We consider now the question whether the 
magnetization of the small system can deviate 
appreciably from the corresponding value of 
the infinite system. In [14, 15] spin wave 
theory is applied and it is shown that for low 
temperatures there is only a small dependence 
on size and shape, if every linear dimension 
G of the systems fulfills the condition G > 1 
(G in units of the lattice constant). A theory 
for all temperatures has been given in [ 16] by 
means of a modified mean field theory. Very 
similar to the results for thin films [17, 18], a 
shift of the Curie-temperature as a function of 
the particle size is found [16, 19]. Therefore 
the experimental results were often inter¬ 
preted in terms of a Curie-temperature shift 
[3, 12, 16,20,21], 

For the calculation of the magnetization 
and internal energy of small finite particles 
we now adopt a Monte Carlo method which 
we previously used for the calculation of the 
spin correlation functions determining the 
diffuse magnetic scattering of neutrons [ 1,2]. 
In [2] we have already shown for a finite 
I sing system that the application of the 
Monte Carlo method gives useful results, 
which are exact within the statistical error 
(can be made very small if the computing time 


391 



392 


K. BINDER, H. RAUCH and V. WILDPANER 


is chosen long enough). In Section 3 we give 
a short explanation of this technique, while 
in Section 4 we present numerical results 
which are derived for a body-centered cubic 
lattice and nearest neighbour Heisenberg 
interaction. There the temperature dependence 
of the magnetization for various sizes and 
shapes of the particles is shown. Using these 
results, we are able to discuss approximate 
theories critically in Section 5 and to give the 
adequate interpretation of the relevant 
experiments. 

2. APPROXIMATE THEORIES 
The simplest theory for the phenomena of 
superparamagnetism is due to Neel[6], One 
considers non-interacting single domain 
particles with volume V , magnetization 
M(T) and uniaxial anisotropy A'Usin 2 ^. To 
observe superparamagnetism, the volume V 
must be smaller than a certain ‘critical 
volume V c ' (if K = 0 then V,. -» «>). The 
influence of the anisotropy on the average 
magnetization of a superparamagnetic system 
is considered in [3. 22], where it is shown that 
the anisotropy can be neglected in all cases 
of cubic symmetry. In the following we always 
use values of V which are smaller than F r . 
wherefore we may neglect the anisotropy. 
Then the average magnetization of our system 
of n particles is [6] 


<2> 

j ... exchange integral between nearest 
neighbours. Except for extremely small 
values of G one can take m(T) = m^(T) in 
this region. 

In [16] a treatment based on mean field 
theory is given. The spins on the surface of 
the particle and the inner spins are considered 
to establish two sublattices having different 
coordination numbers. In this way one derives 
a system of coupled equations which can be 
solved numerically. The temperature depen¬ 
dence of the magnetization is similar to the 
case of an infinite system, but the values of 
the Curie-points decrease considerably for 
the mean field theory is especially for tempera- 
small particles [16]. It is now well known 
that the mean field theory is especially for 
temperatures near the critical one only a 
poor approximation[23]. 

The best estimates of Curie-points of infinite 
systems are obtained by an extrapolation of 
the high temperature series of the susceptibility 
[24|. 



M = M,(T)(i'thx~ M,(T) | (ar«l) 

( 1 ) 

with 

r _ M.(T)H 

x ~ ‘ nkJ - M,(T)-nVM(T) 

H... external magnetic field. 

Of course, it is possible to generalize (1) 
for a distribution of particle sizes[3,1-2]. 
According to [6], the function M{ T ) does not 
depend on the particle volume V. For a cubic 
particle of length G with a simple cubic lattice 
and S = i we have in the spin wave region 
[14,15]: 


Xo ■ ■ ■ susceptibility of the ideal paramagnet. 
From the assumption 


oof 

1 — — ) 

/T-T \ 

T) 


one derives 

a vta v -1 = ~j~jT (i (■y -1 )/ 1 ') 

In [19] some coefficients a v for a finite system 
have been calculated and the Curie-tempera¬ 
tures were determined from the ratios aja 6 . 

Extending the arguments on thin films [25], 
some authors find a dependence of the Curie- 
temperature of iron on the particle size [12]. 
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3. DESCRIPTION OF THE MONTE CARLO 
METHOD [1,2] 

The interaction between the spins is 
described by the Heisenberg model Hamil¬ 
tonian 

(4) 

and we assume interactions between nearest 
neighbours only. We use the_ ‘classical 
Heisenberg model’ where the S t are unit 
vectors instead of spin operators. (This is 
equivalent to S °° and redefining the 
exchange integral J u appropriately). This 
is justified because the critical properties of 
Heisenberg magnets are almost independent 
of the spin value if a suitable normalization 
of is chosen[26]. An extension to finite 
S values can be based upon[27,28]. 

Now we have to calculate the expectation 
value 

(.••>.7>(e*p(-§)--j/7> e *p(-^) 

(5) 

where we assume to have N spin vectors 
in a lattice (we chose the body-centered cubic 
lattice). From a given configuration (i.e. 
coordinates {5 ( f }) we generate a new con¬ 
figuration by changing the coordinates of 
the lattice point /, by 

ct 5f, + jr e A 

' ,<new, 

(e = x, y,z V 
-1 « x, « + 1 (6) 

random numbers/ 

and calculate the energy change 8E according 
to equation (4). If 8E is negative, the new 
configuration is abandoned with a probability 
of 1 — exp (— 8E/{kT )) and the old configura¬ 
tion is taken once more. Using a set of L 
configurations we get the expectation value 


*For a good convergence of the procedure, the para¬ 
meter A has to be chosen suitably (see Ref. [2]). 


of a variable F[1,2,29] by 

i i-i 

A number of initial configurations has to 
be excluded from this procedure. To make this 
number as small as possible, we calculated 
the magnetization curves starting from the 
ferromagnetic region and we used the last 
configuration of a neighbouring temperature 
as a start configuration for the next value. 

The numerical calculations were performed 
on an IBM 7040 computer and refer to various 
particle sizes and various particle shapes 
(a cube, a sphere, a rectangular block with an 
edge ratio of 2:1:1). The calculated errors 
are of the same order of magnitude as the 
size of the points drawn in the diagrams (Figs. 
2-5). The computer program can be easily 
generalized for a more complicated lattice, 
as well as to include interactions with more 
distant neighbours, anisotropy terms, an 
external magnetic field etc. The only limitation 
for these generalizations is the computing 
time. In our case the total time was about 
60 hr. 

4. RESULTS OF THE NUMERICAL 
CALCULATIONS 

A great number of configurations typical 
for the thermodynamic equilibrium of each 
temperature is generated by the Monte Carlo 
method. In Fig. I at J/kT = 0-8 we show an 
example of a typical instantaneous picture of 
the spin projections in the *z-plane for three 
particle shapes. The result with periodic 
boundary conditions is also given. Although 
the magnetization has decreased from its 
maximum value by an amount of about 20 
per cent, one can recognize a considerable 
disorder being statistically distributed. Since 
at the surface the coordination number is 
smaller, the disorder is greater in most cases. 

In Figs. 2-4 the magnetization for the 
three particle shapes is shown. This function 
is compared with the magnetization of an 
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)oundary conditions are applied. In each case a central for N = ^ is derived from the result for N = 250 with periodic boundary conditions 

r-z-plane ( | ) of the particle is shown together with an extrapolated to the correct value of the Curie temperature (dashed line). The 

adjacent plane ( f ). magnetization is given in units of its saturation value. 
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Fig. 3. Absolute values of the magnetization of superparamagnetic particles of 
spherical shape versus the reciprocal temperature. For explanation see Fig. 2. 



% 


Fig. 4. Absolute values of the magnetization of superparamagnetic particles 
having the shape of a rectangular block, vs. the reciprocal temperature. For 
explanation see Fig. 2. 

infinite system according to the mean field known Curie-point. The most remarkable 
theory (MF) and with an estimate of the feature is that no phase transition in the 
correct function for the infinite system which usual sense can be observed. Even for a 
is taken from the N — 250 system with periodic random set of spins the magnetization remains 
boundary conditions and extrapolated to the non-zero (|m| ran( i om = 1/VaT) if the number 
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of spins is finite. The magnetization of the 
finite system strongly depends on the number 
of spins for most of the temperatures. 

The magnetization curves are also distinct 
functions of the particle shapes. This can be 
seen very clearly from Fig. 5, where the 
magnetization is shown for various shapes 
and for about the same number of spins. In 
the ‘ferromagnetic' temperature region there 
is a marked shape dependence, while in the 
‘paramagnetic’ region this is not true and the 
value of the system with periodic boundary 
conditions is reached. The results for N = °° 
contain a certain amount of order even in the 
paramagnetic region as a consequence of the 
periodic boundary conditions and are there¬ 
fore only approximately correct, while the 
results for the finite systems described here 
are exact within the model assumed. The 
‘paramagnetic magnetization’ is a simple con¬ 
sequence of the finiteness and has the order of 
magnitude of) iVN. 

The internal energy was calculated with the 
magnetization curves, too. This function 
shows a similar temperature dependence. Due 
to correlation effects [2], the value of the 


energy is to some extent always greater than 
the square of the relative magnetization. It 
is not possible to detect any discontinuity in 
these energy functions and it is quite clear 
that the specific heat exhibits only a broad 
peak of finite height instead of any dis¬ 
continuity. This is also a consequence of the 
finite size where the transition is smoothed 
out. 

5. CONCLUSIONS 

The results discussed above show that for 
a small magnetic system no Curie-point in the 
usual sense exists. Therefore, the approxi¬ 
mative theories[12,16,19] cannot adequately 
describe the size dependence of the phase 
transition. In the case of [19] the derivation 
of a susceptibility series of a finite system is 
of course a correct and interesting method, 
but the conclusions concerning the Curie- 
point are incorrect, mainly because the extra¬ 
polation method is based on the assumption 
that the susceptibility diverges for the Curie- 
point. However, for a finite system the sus¬ 
ceptibility only diverges at 7* = 0[3, 15]. In 
this sense it is not surprising that there is no 



Fig. 5. Absolute values of the magnetization of superparamagnetic particles with 
different shapes and about the same number of spins, vs. the reciprocal temperature. 
For explanation see Fig. 2. 
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clear experimental evidence on a shift of the 
Curie temperature [16]. With the exact results 
presented in this paper a new interpretation 
of the experiments in [3,12,16,20,21] is 
possible. Nevertheless a quantitative com¬ 
parison seems difficult, because in the 
experiment one has a distinct distribution of 
particle sizes and shapes. 

The theory presented in this paper allows a 
careful rexamination of previous experiments 
and theories. The results thus obtained 
are a valuable source of advice for new 
experiments. 
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Abstract—In this paper the processes underlying the aggregation of divalent cation-cation impurity 
dipoles have been examined in some detail. It is shown that the experimentally observed third-order 
kinetics which govern the aggregation can be accounted for on the basis of a two-step process: (a) 
two dipoles come together to form a loosely coupled pair which in turn (b) captures a third dipole to 
form a trimer. This process can yield a reaction rate proportional to the cube of the dipole concentra¬ 
tion only if the dimers are in quasi-equilibrium with the free dipoles, a condition which implies that the 
energy binding the pair together E„ is rather small (015-0-2 eV). A consequence of this kinetic model 
is that the activation energy for the aggregation reaction E * is not equal to the energy of motion of the 
dipole £„, but rather — E* = E„. Rough estimates of the interaction energies of the trimer, the 
planar quadripole form of the dimer, and the linear dimer have been made and it is found that the energy 
per dipole in the planar quadripole is comparable to that for the trimer which would lead to the expec¬ 
tation that during the first third to one half of the aggregation reaction period a second order process 
should be observed. It is suggested that the formation of the planar quadripole is inhibited by electro¬ 
static constraints imposed by the motion of the dipoles on the ionic lattice and this inhibiting effect 
favors relatively the formation and persistence of the loosely coupled pair and hence the two step 
mechanism of trimer formation. 


1. INTRODUCTION 

A number of years ago Dryden and co¬ 
workers f 1,2] investigated the kinetics of 
aggregation of a variety of divalent cations in 
NaCl and KC1 crystals. The experimental 
approach was straightforward: the concentra¬ 
tion of impurity remaining in the crystal in the 
form of divalent cation-cation vacancy di¬ 
poles was followed during an isothermal an¬ 
neal by periodic measurements of the intensity 
of dielectric absorption. It was found that 
during the first stages of aggregation the rate 
of disappearance of dipoles is proportional to 
the third power of the dipole concentration; 
third order kinetics imply that the first aggre¬ 
gation product is a trimer or a cluster of three 
I-V dipoles. Subsequent investigation of the 


tThis work was supported by the U.S. Atomic Energy 
Commission (Contract No. AT-(40-1 )-3677). 

A preliminary account of this paper was presented at 
the Washington Meeting of the American Physical Soc¬ 
iety (Bull, Am. phys. Soc. 13, 659 (1968)) and a more 
extended version was presented at the International 
Symposium on Color Centers in Alkali Halides in Rome, 
September, 1968. 


aggregation process using dielectric absorp¬ 
tion [3], electron paramagnetic resonance 
{4—6] and ionic thermocurrent methods [7] 
substantiate these early observations. In 
nearly every case the rate of aggregation was 
found to be proportional to the cube of the 
dipole concentration for the early stage. 
Moreover, Symmonds and Kemp [4] find a 
resonance signal which they identify as arising 
from a trimer of dipoles. The stage governed 
by third order kinetics terminates in a plateau 
from which further aggregation into higher 
complexes proceeds much more slowly. The 
extent of the first stage of aggregation is 
greater the lower the annealing temperature; 
this observation has been taken to mean that 
the plateau is related to the thermal equili¬ 
brium concentration of trimers[l]. 

The strong evidence that the first step in 
aggregation of divalent metal impurity involves 
the formation of I-V triplets carries with it 
a number of unanswered questions. When 
Dryden [2] first described his work at the 
Defects in Crystalline Solids Conference in 
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Kyoto attendant discussion reflected much 
surprise at the third order reaction. Third 
order reactions are rare simply because of the 
low probability of the three body encounter. 
Moreover, the formation of trimers implies 
that pairs of dipoles are either unstable or 
much less stable than trimers. 

The purpose of this paper is to examine 
these underlying problems in an attempt to 
establish a better understanding of the early 
stages of impurity precipitation. The follow¬ 
ing points need to be considered: (a) Is there 
an intermediate to trimer formation? Closely 
related questions are: (b) What is the signifi¬ 
cance of the frequency factor and activation 
energy of the third order process? (c) Is 
preference for the trimer a result of low 
stability of the dimer? Treatment of (c) 
requires a consideration of (d) the probability 
of a second order process relative to a third 
order process involving similar reaction 
volumes and (e) lattice constraints on the 
formation of clusters of I-V dipoles. Pursuing 
these various lines of inquiry has convinced 
the author that the important question is (c). 
The answer, however, is not a matter of 
stability of the dimer, but rather the difficulty 
with which a planar quadripole forms in the 
rock salt structure. This conclusion follows 
from the mode of migration of dipoles: They 
alternately attract and repel each other as they 
approach to form stable quadripoles and hence 
move under electrostatic constraints which 
become large for small separations. Con¬ 
sequences of these lattice constraints for the 
problem of impurity aggregation in ionic 
lattices will be discussed. 

2. AN ALTERNATIVE TO A PURE THIRD ORDER 
PROCESS 

In view of the small probability anticipated 
for trimer formation, it is reasonable to search 
for another process or series of processes 
which depend upon the third power of the 
dipole concentration. An obvious candidate 
is a two-step process which involves (a) 
the formation of a dimer by the interaction of 


two 1—V dipoles followed by (b) the addition 
of a third dipole to form a trimer. This possi¬ 
bility has been recently suggested by Cappel- 
letti and DeBenedetti[7], 

If one neglects the reverse process in dimer 
formation, the rates of creation of the inter¬ 
mediate and the final product are 

N„ = k D N r 2 = 477 D P r P N P 2 (1) 

and 

N t = k T N P Ni, = (2) 

where D P is the diffusion coefficient of the 
dipole, N is the atomic concentration of the 
species indicated by the subscript, r is the 
appropriate capture radius, the k' s are specific 
rate constants and the subscripts P, D and T 
refer to dipole, dimer and trimer, respectively. 

The expression on the extreme right of 
equations (1) and (2) comes from the solution 
of the diffusion equation in spherical geometry 
after the initial transient has died away. This 
expression is more appropriate for interactions 
between entities, one of which moves by 
atomic steps, than the more familiar one. 
involving the product of interaction cross 
section and velocity (av) which is applicable 
to gaseous atoms and electron interactions. 

The rate of decrease of I-V concentration 
is then 

N, = -4nD r N,(2r P N P + r D N D ) (3) 

which obviously is not necessarily propor¬ 
tional to N P ' 1 . If the dimer and trimer are of 
comparable stability and r P ~ r„, clearly N n 
will build up rapidly until N p ~ N P after 
which creation of trimers will become domi¬ 
nant. Hence dimers are expected to be the 
dominant product until N P decreases to a 
value between one-half and one-third of its 
initial value. This obviously is contrary to 
observation since in every investigation the 
third order process was dominant and only in 
one instance [7], namely, the aggregation of Sr 
in NaCl, was there a hint of a second order 
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reaction which could be attributed to the 
formation of dimers. 

The missing ingredient in the above analysis 
is the decomposition of dipole pairs. If we 
assume the binding energy for the dimer to be 
small compared to that for the trimer, quasi¬ 
equilibrium between single dipoles and dimers 
will be established long before the number of 
trimers becomes appreciable. Under these 
conditions the concentration of dimers is 
given approximately by the simple mass action 
law: 

N» = N p *K d = N P 2 AN,~' exp [E„/kT] (4) 

where N L is the concentration of cation sites, 
E h is the energy of binding between dipoles 
forming the dimer and A is a constant which 
includes the effect of entropy change. Now, 
from equation (2) 

N r - k r K„Np 3 . (5) 

Since 

N r = -iN P 

we can write 

N r ~ -IkrKpNp 3 . ( 6 ) 

As indicated above this approximation is 
better the smaller E h since the quasi-equili¬ 
brium is established more rapidly the smaller 
N„ in equilibrium. In this oversimplified 

approach it is also evident that in the limit of 
E„ = 0 this treatment becomes exact since 
interaction of a third dipole with a random 
pair is just another way of describing a third 
order process. 

If the two-step process is indeed applicable 
to the aggregation of I-V dipoles, we should 
be able to estimate from experimental results 
the upper limit of E B , provided the dimer is a 
quadripole which does not contribute to speci¬ 
men polarization. The dielectric absorption 
measurements should reflect N P reproducibly 
to at least 5 per cent so that as much as a 
5 per cent loss of dipoles in the first step 


might escape detection. From the data of 
Cook and Dryden[l] on the aggregation 
process of 50°C in KCL containing 1-4 x 10 -4 
mole fraction of Ca 2+ , it is estimated from 
equation (4) assuming A => 1 that E B « 0-16 
eV. Cappelletti and DeBenedetti[7] employed 
the more precise ITC technique and found 
direct evidence for a trace of second order 
reaction in NaCl:Sr 2+ when the precipitation 
was carried out at a relatively low temperature. 
The second order segment would be expected 
during the initial period when the quasi¬ 
equilibrium of the first step is being established. 

An alternative possibility is that, instead of 
a quadripole, the dimer is a loosely coupled, 
linear pair of dipoles which still exhibits a 
collective moment and which can reorient in 
an applied field with much the same time con¬ 
stant as the isolated dipole. If this were the 
case, the formation of dimers could not be 
followed conveniently through a decrease in 
dielectric absorption or decrease in polariza¬ 
tion. In view of the small binding energy E„ 
demanded by experiment this alternative linear 
dimer configuration is perhaps the more 
likely one. We shall consider the dimer con¬ 
figuration in greater detail in a later section. 

From the temperature dependence of the 
aggregation rate both the activation energy E* 
governing the process and the frequency 
factor can be obtained. The results obtained 
for a variety of impurities in both NaCl and 
KC1 are summarized in Table 1. The usual 
interpretation is that the activation energy E* 
is identical with the energy of motion of the 
coupled pair. However, if the two step model 
applies this can no longer be correct. Inspec¬ 
tion of equations (5) and (6) reveals that the 
apparent third order rate constant results from 
the product k T . K D . Using equations (2) and 
(5) one obtains in units of sec -1 

^(apparent) = AttN L A~'Dp <i r r> 

exp [~(E M -E H )/kT] (7) 

where D P — D P °e\p [E M /kT]. Clearly E* is 
not identical with £ w but smaller by the amount 
E b . Now E m can be obtained independently 
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Table 1. Kinetic parameters for M 2+ aggrega¬ 
tion and diffusion 


System 

oiUsetr 1 ) 

£• (eV) 

Ev(eV) 

NaCLMn" 

8 x 10 17 " 

0-83“ 0-78 ±005* 
0-80 ±005' 

0-95- 

NaCLCd" 

2-8 x 10""' 

0-50 + 0 04' 

0-92' 

NaCLCa" 

2 x lO 17 - 

0-92" 

0-96" 

NaCLPb" 

— 

0-80‘ 

0-98’ 

NaCl: Co* * 

— 

0-6U 

— 

KCI: Ca" 

— 

0-66‘ 

— 

KCI: Sr" 

4 x I0 ,:w 

0-73" 

— 

KCLBa" 

8 x JO’ 5 " 

0-74" 

— 

KCLPb" 

— 

0-85' 0-75' 

118” 


“COOK and DRYDEN. Proc. phys. Sue. 80. 479 
(1962). 

-DRYDEN. J. phys. Sue. Japan. Suppl. Ill 18. 129 
(1963). 

"SYMMONDS and KEMP. Hr. J. Appl. Phys. 17. 607 
(1966). 

"STEWART and REED. J. them. Phys. 43. 2890 
(1965). 

'CAPPELLETTl and DeBKNEDETTl, Phys. Rev. 
165,981 (1968). 

'ALLEN, IRELAND and FREDERIC KS. J. chem. 
Phys. 47. 3068 (1967). 

"MURIN, BANASEVICH and GRUSHKO, Sonet 
Ph\s. Solid-Si. 3, 1762(1962). 

-DRYDEN and HARDY, ./. Phys. C. (Solid St. 
Phys.) [2] 2,603 (1969). 

'KENESHEA and FREDERICKS. J chem. Phys. 
41.3271 (1964). 
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Japan 1 *. 1092 (1963); 20 . 1284(1965). 
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'"ALLEN. IRELAND and FREDERICKS. J. chem. 
Phys. 46. 2000(1967). 

from the diffusion coefficient of the divalent 
impurity under the high concentration limit, 
i.e. under conditions favoring impurity- 
vacancy association. Hence one way in which 
to test the two-step hypothesis is to compare 
E* obtained from aggregation kinetics with 
E m determined from diffusion coefficient 
measurements under appropriate conditions. 
There are a few published data available for 
such a comparison and these values of E M 
are listed in the last column of Table 1. 
Stewart and Reed[8] have used EPR methods 
to assay the Mn 2+ concentration in the diffu¬ 
sion front of this ion in NaCl under conditions 
corresponding to the high concentration limit. 


i.e. the diffusion of associated I-V pairs. 
They find E M = 0-95 eV for the Mn 2+ -vacancy 
complex, a value 015 eV larger than the mean 
value off*. Recently, Dryden and Hardy[9] 
have measured E* for NaCl: Pb 24 this can be 
compared with the value of E M reported by 
Keneshea and Fredericks [10], For Pb 2+ 
doped NaCl the difference E M -E* is 018 eV. 
The energy differences for these two impuri¬ 
ties are very close to the value estimated 
above for E n of the dimer (016eV) on the 
basis of the absence of a readily detected 
second order process during the initial stages 
of aggregation. 

The remaining cases do not conform so 
closely to expectation: For example in NaCT. 
Ca 24 E M - E* = 0-04 eV which is probably 
too small to be significant. Nevertheless, 
Em > E* as required by the two-step model. 
It should be mentioned that Murin et «/.[ll] 
in the process of determining E M , found an 
energy of association between the Ca 2+ and 
the cation vacancy about twice that which has 
been reported by other workers [12]. Con¬ 
sequently, their value of E M is somewhat 
suspect and it would be worthwhile to re¬ 
determine E m for this system. Brebec[13] has 
recently measured the diffusion coefficient of 
Ca 2+ in NaCl for infinite dilution and for 
600 ppm Ca 2+ . His results suggest that in the 
high concentration limit E„ = 0-87 eV, a value 
lower than E*. However, this value was 
measured on a polycrystalline specimen and 
the low value may result from that fact. 

In the two remaining cases, namely, NaCl: 
Cd 24 and KCI: Pb 24 , the difference E hl — E* is 
much greater than expected. Using the 1TC 
technique Cappelletti and DeBenedetti[7] 
find that Cd 24 aggregates at an extraordinarily 
high rate even at room temperature with an 
E* = 0-50, a value some 0 4 eV smaller than 
E m as determined by Allen et al. [14] and 
nearly 0-2 eV smaller than the energy of 
reorientation of the complex. It is difficult 
to attribute so large a disparity to the binding 
between two dipoles forming a dimer; accord¬ 
ing to the above discussion such a large E B 
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would require that most of the dipoles would 
combine to form dimers before the quasi¬ 
equilibrium could be established with the 
result that a second order rather than a third 
order reaction should be observed. Certainly, 
however, the large difference cannot be con¬ 
sistent with a simple, one-step third order 
reaction either since the activation energy of 
the process is much smaller than that required 
to move coupled dipoles. A possible alterna¬ 
tive is that some other mobile species interacts 
with the Cd 2+ and renders the dipole incapable 
of reorienting; however, it is difficult to see 
how such a process could occur at a rate 
proportional to the third power of the Cd 2+ - 
vacancy concentration. Similar remarks 
apply to KCl:Pb 2+ . Using the E M value of 
Allen et al. 115] and the E* reported by Dryden 
and Hardy [9] a difference of 0-33 eV is ob¬ 
tained. Recent measurements by Collins [16] 
lead to an even greater difference. Once again 
it is difficult to rationalize such a large dis¬ 
parity in terms of the dimer binding energy 
unless the pre-exponential constant A in 
equation (4) is many orders of magnitude less 
than unity. 

In spite of the last two exceptions, it is 
perhaps fair to say that the available diffusion 
and aggregation data lend rather strong sup¬ 
port to the two-step aggregation process. In 
any event the data do not support a strictly 
one-step third order trimer formation process. 

It is worthwhile saying a few words about 
the pre-exponential factors listed in Table 
1. They cover an unexpectedly large range of 
values. An estimate of what might be ex¬ 
pected from the two-step model proposed 
here can be made from equation (7): 

= 47rN ! /l~ l Dp"r, ) . (8) 

According to Lidiard[17] 

Dp — a 2 w,ci> 2 /3(ft) 1 + w 2 ) (9) 

where a is the cation-anion distance, <u,, is the 
jump probability for the vacancy to move 


around the impurity (Mode 1) and is the 
jump probability for vacancy-impurity inter¬ 
change (Mode 2). We make the customary 
assumption that o>, > to, with the result that 

' 

Dp 0 = aVjB/3 (10) 

where v 2 = coj exp [EJkT] is the attempt 
frequency of the vacancy-impurity inter¬ 
change and B is associated with the entropy 
of motion. Taking A ~ \,B =» 1, i/ 2 = 10 13 
sec' 1 and r D - 10“ 7 cm, one obtains o>» =» 10 u 
which falls at the low end of the range of 
values in Table 1. One implication which 
might be drawn is that A 1 or B > 1 for 
certain of the cases considered above. How¬ 
ever, to account for the factor of 10 3 between 
this estimate and some of the a>„ values listed 
in Table 1, an enormous increase of ~8 
entropy units have to result from dimer forma¬ 
tion. 

3. THE RELATIVE STABILITY OF DIPOLE 
PAIRS AND TRIPLETS 

In this section we shall make a rough esti¬ 
mate of the relative stability of various con¬ 
figurations of simple dipole aggregates, it is 
not our purpose to attempt a rigorous calcula¬ 
tion of these stabilities since such a task is a 
difficult undertaking even in the case of the 
dipole itself[ 18, 19] in that it involves a know¬ 
ledge of the interionic potential and a self- 
consistent evaluation of the displacements of 
the neighboring ions under the influence of 
the electric polarization and strain field 
associated with the imperfection. The com¬ 
plexity of the calculational problem is com¬ 
pounded when two or three dipoles are 
included in the complex. Rather, our aim here 
is to obtain a relative estimate of the inter¬ 
action energy holding dipoles together in 
simple clusters. To do this we will use a 
simple point-ion approximation which neglects 
displacements of neighboring ions and ac¬ 
counts for lattice polarization only in terms of 
the static dielectric constant for the bulk 
lattice. These are the same assumptions used 
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by Cook and Dry den [ 1] in their estimate of 
the association energy for a trimer. 

(a) The trimer 

As noted above Dryden and coworkers [1,4] 
postulate that the trimer forms a six-sided 

© © © © © 

© ® 

© © 

© © 

© © © © © 

(a) 


+ - + -+- 



Fig. I. A schematic representation of various simple 
dipole clusters, (a) The trimer-a planar hexipolc on a 
{III} plane; (b) the planar quadripole-a dimer and (c) 
a linear pair of dipoles-a loosely coupled dimer in the 
(110) direction. 

complex on a {111} plane of the cation sub¬ 
lattice as shown in Fig. 1(a). The total 
electrostatic energy of the array is 

Et <3) = - ^[ 6 + \ -7^] = -4'036 qVxr, (11) 

where — q is the electronic charge, k the static 
dielectric constant and r 0 is the inter-cation 
distance. The energy of interaction between 
the three dipoles is obtained by subtracting 
the association energy for the dipoles esti¬ 
mated an the same basis: 


£/» - £ r l3> — 3£„ = 1 -063e 2 /Kr o . (12) 

For KC1 r 0 = 4-44 x 10 8 cm and k = 4-64 
which yield £/ 3) = 0-73 eV. The correspond¬ 
ing values for NaCl are 3-94 x ]0“ 8 cm, 5-62 
and 0-668 eV. 

(b) The planar quadripole form of the dimer 
The most stable form of the dimer is the 

planar quadripole lying in the {100} plane 
(Fig. 1(b)). The total electrostatic energy is 
simply 

2t> 2 r 11 e 2 

Er' 2> = - 2--7- = 2-586— (13) 

xr,, L V 2 J xr a 

and the interaction energy is 

E, i2> = EV 2 ’ - 2 £„ = 0-586 e 2 /xr iK (14) 

The values of E, for KC1 and NaCl are 0-413 
and 0-377eV respectively. 

(c) Linear dipole pairs 

It was indicated earlier that the dipolar pair 
involved in the two-stage process might be a 
loosely coupled linear arrangement instead 
of a dipole. Such a pair aligned in the (110) 
direction (Fig. 1(c)) has a total electrostatic 
energy of 

Er — ~f~H ~r-~ + 2] (15) - 

nr 0 ln n + 2 n +1 J 

where n is the number of unit distances (/•„) 
the pair is separated in the (110) row. The 
interaction energy is 

E l = ——T— H— - - i-l. (16) 

Kr a ln n + 2 n + 1J 

The values of E, for several values of n in 
KCI and NaCl are tabulated in Table 2. 

There are of course other dimer configura¬ 
tions in which the two dimers are not co-Iinear 
and whose stabilities are comparable to those 
listed in Table 2. It is not necessary, however, 
to use these in the present discussion. 
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Table 2. The energy of interac¬ 
tion between pairs of dipoles 
aligned along <110) 


Separation 

E, for KC1 

E, for NaCl 

(«) 

(eV) 

(eV) 

1 

0-235 

0-214 

2 

0-059 

0-054 

3 

0-024 

0-021 


Clearly the above values are not highly 
reliable. The assumption that the polarization 
of the lattice can be adequately accounted for 
on the basis of the static dielectric constant is 
a crude one. This is obvious from the fact that 
this assumption gives too high (by a factor of 
~ 1-5) a, value for the energy of association E„ 
of the components of the dipole. In addition 
other factors than purely electrostatic ones 
are clearly important since Watkins [20] has 
observed next-nearest-neighbor pairs in 
NaCl:Mn 7+ . For this to occur the effect of 
impurity-ion size coupled with the influence 
of lattice polarization on the positions of 
neighboring ions must be strong and such an 
effect might be expected to carry over to some 
degree to aggregates of dipoles. However, 
the rough estimates of the interaction energy 
given above can probably be relied upon to 
reflect the relative ranking of the stability 
of these simple aggregates. We are encouraged 
in this conclusion by Cook and Dryden’s[l] 
observation that the experimental binding 
energy of the trimer agreed quite well with the 
value calculated by the approximation used 
here. 

4. PROBABILITY OF DIMER VS. TRIMER 
FORMATION 

Assuming the above estimates of the inter¬ 
action energies to be reasonably correct, it is 
clear that the trimer and planar quadripole 
have quite comparable stabilities, i.e. the 
interaction energy per dipole is only 20 per 
cent smaller for the quadripole than for the 
hexipole. Therefore, if the aggregation is 
allowed to proceed in the range of thermal 


stability of both forms, i.e. under conditions 
in which the reverse reaction is relatively 
unimportant compared to the aggregation 
process, the dimer would be strongly favored 
because of the kinetics' involved. It can be 
shown from the simple expressions for second 
and third order kinetics that for dipole con¬ 
centrations of 1 O '* mole fraction and capture 
radii of ~ 10' 7 cm rates of dimer formation 
would be initially at least 100 times greater 
than that of trimers and the disparity would, 
of course, increase as the aggregation pro¬ 
ceeds. 

If as appears reasonable from the estimates 
of the previous section, the stability of these 
two forms against break-up is comparable, 
the equilibrium concentration of trimers can 
be established only late in the reaction and 
then only by the capture of a dipole by a 
planar quadripole. This of course is the same 
as saying that the trimer is formed predomin¬ 
antly by a consecutive reaction rather than by 
a direct one and this point has already been 
discussed in connection with the two-step 
process. The rate of trimer formation will 
become comparable with the rate of quadri¬ 
pole formation when r n N t) - r r N P . Since 
some rearrangement of the quadripole is 
necessary before the third dipole can be added, 
one expects the elfective value of r D to be 
smaller than r,„ This would have the con¬ 
sequence of making quadripole formation the 
dominant factor in the aggregation reaction 
virtually insuring that the early stages would 
obey second order kinetics. There is of course 
the unlikely possibility that r n > r,., in which 
case the reaction would be of mixed order. 
As pointed out above, the dependence of 
reaction rate on the third power of the free 
dipole concentration in a two-step process 
requires that the dimer be in quasi-equili¬ 
brium with the monomer. 

Another consequence of the comparable 
interaction energy per dipole for the quadri¬ 
pole and the hexipole is that the equilibrium 
concentrations of the two forms are also 
comparable over most of the temperature 
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range of interest. Simple chemical arguments 
based upon equilibrium between dipole, dimer 
and trimer suggest that the energy required to 
remove a dipole from a trimer is simply 
E ® £/ 8 > - E t m ~ £/** =* 0-32 eV. Using this 
energy and the law of mass action it is readily 
shown that the equilibrium concentrations of 
quadripoles and hexipoles are expected to be 
within a small factor of each other in the range 
50°-100°C. 

In summary it can be said that the rough 
estimate of the stabilities of the planar quadri¬ 
pole and the trimer of the preceding section 
lead one to expect the aggregation process to 
be characterized by a second order rather than 
a third order process and that the quadripoles 
should be nearly as important as the trimers as 
resultant products of the aggregation. 

5. CONSTRAINTS UPON THE FORMATION OF 
THE QUADRIPOLES 

The point we consider in this section is the 
actual mechanism by which a planar quadri¬ 
pole must form. In moving through the lattice 
a dipole executes two modes of motion: 
Mode 1, the motion of the vacancy around the 
divalent cation, and Mode 2, the interchange 
of the divalent cation with the vacancy. In 
order for one dipole to approach another along 
a <110) direction for example, it must 
alternately reverse its orientation. If the di¬ 
pole being approached were held fixed in 
position and orientation, the mutual interac¬ 
tion would alternate between attractive and 
repulsive as the dipoles draw together. 
Obviously, the dipole being approached will 
not necessarily keep a fixed orientation since 
it too has some freedom to rotate thereby 
reducing the repulsive interaction. However, 
for each successive step of the dipole toward 
the other there is an irreducible repulsive 
interaction. To see this we must examine the 
situation in deeper detail. 

Consider two dipoles located near each 
other on a <110) cation row as shown in 
Fig. 1(c). They may approach each other 
either by (a) the dipole on the left inverting 


by impurity-vacancy interchange (Mode 2) 
followed by the inversion of the left-hand 
dipole by rotation (Mode 1) or (b) Mode 1 
rotation of the left-hand dipole followed by 
Mode 2 inversion of the right-hand dipole. 
The activation energy for Mode 2 (£ 2 ) is 
expected to be larger than for Mode 1 except 
perhaps for very small divalent cations [21] 
so that a given temperature a>i > o> 2 . In addi¬ 
tion, the attractive interaction of the stable 
arrangement of dipoles opposes both the 
inversion and the rotation. However, once 
the impurity reaches the saddle point the di¬ 
pole moment disappears and rotation of the 
left-hand dipole can occur freely. Hence to a 
reasonable approximation one expects the 
effective activation energy for (a) to be 

e 2 

£(„) = £ 2 + £/(n) = £ 2 H- 

KT ft 


x[! + -i_ LI. 

L» n + 2 n+ ij 


(17) 


One can readily see, at least in principle, 
that the activation energy for sequence (b) 
should be the same since the activation energy 
opposing the inversion of the right-hand dipole 
becomes that for the isolated dipole just when 
the left-hand dipole has rotated to a position 
for which the attractive interaction is reduced 
to zero. However, the probability that the 
rotating dipole will be found in this higher 
energy state is 

P 0 =W 0 exp-[E,(n)//cT] (18) 

where W 0 is the statistical weight of the state 
representing the dipole in the orientation 
producing no energy of interaction relative 
to the most stable orientation shown in Fig. 
1(c). Since the rate of inversion of the right- 
hand dipole is the product of the jump pro¬ 
bability of the dipole when unopposed by the 
attractive field of its neighbor and the pro¬ 
bability that it will be unopposed, the sequence 
(b) evidently yields the same activation energy 
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as sequence (a). In real crystals only certain 
rotational orientations are allowed and these 
will not necessarily decrease the energy of 
interaction to zero. However, it can be seen 
with (a) and (b) that the energy opposing the 
mutual approach of a pair of dipoles is equal to 
— |£i(n)| for the starting configuration 
assuming of course that mutual polarization 
between the dipoles does not change the 
value of E 2 . 

If the above considerations yield a reason¬ 
able approximation, one expects the effective 
activation energy governing the initial 
approach of two dipoles to increase with 
decreasing n as shown schematically in Fig. 2. 
The amounts of the increments should be 
reflected in Table 1 for n = 3 and n = 2. Even 
more pertinent to the present subject is what 
occurs when two dipoles attempt to draw 
together to form a planar quadripole. In 
Fig. 3 is shown a possible sequence of events 
which might lead to the formation of a quadri¬ 
pole. Configuration 1 is an obvious candidate 
for the precursor of the quadripole since the 
essential requirement is to place a vacancy 
in a spot which, upon interchange with its 
impurity ion, will place the two impurity 
ions on adjacent (100) positions. It can be 
seen that Configuration 1 does this in the two 
ensuing steps 2 and 3. A possible abortive 
rearrangement is shown by Configuration 2' in 



Fig. 2. The energy of interaction between a pair of di¬ 
poles as a function of the energy of separation (schematic). 



Fig. 3. The sequence of events involved in the formation 
of a planar quadripole from a loosely coupled precursor. 
Configuration 1 is one of the necessary starting positions 
since upon inversion of one of the dipoles a pair of 
impurity ions is placed in adjacent (100) positions. The 
process represented by the arrow 2' is an abortive one in 
which one of the dipoles transforms to a next-nearest- 
neighbor configuration. 

which one of the dipoles has spread to a next- 
nearest-neighbor dipole. Clearly Configuration 
2 is unstable and probably is by-passed by the 
rotation of the left-hand dipole clockwise by 
90° as the right-hand dipole goes through the 
inversion saddle point. The final configuration 
is then simply achieved by the clockwise 
rotation of the newly inverted dipole. Accord¬ 
ing to the discussion just above the increase 
in activation energy for the inversion is just 
the attractive energy in Configuration 1. 
Hence the electrostatic constraint opposing 
quadripole formation appears to be ~0-l eV; 
this would decrease the rate of formation by a 
factor of ~20 over the rate expected in the 
absence of such a constraint at 100°C. This 
impedance would prolong the duration of the 
loosely-bound precursor thereby favoring the 
capture of a third dipole to form a trimer. 

6. SUMMARY 

In this paper we have attempted to account 
for the rather puzzling evidence that aggrega¬ 
tion of I-V dipoles occurs via a third order 
reaction. It is argued that trimer formation can 
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occur with much greater probability by a two- 
step process, in which a loosely-coupled pair 
of dipoles is the intermediate product, than by 
a three body encounter. The conclusion that 
the precursor is a loosely-coupled pair, which 
may itself have a net dipole moment rather 
than the more stable planar quadripole, arises 
from the requirement that the precursor pairs 
must be in quasi-equilibrium with the dipoles 
before the rate of disappearance of dipoles 
becomes proportional to the cube of the di¬ 
pole concentration; this condition is attained 
earlier the smaller the binding energy of the 
pair. An important consequence of the two- 
step model is that the activation energy of 
aggregation E* is smaller than the motion 
energy £ v by the amount of the binding energy 
of the precursor pair. Examination of existing 
data for aggregation and for diffusion of di¬ 
poles involving a variety of divalent cations 
in NaCI and KCI reveals that in every case 
£*>£*, though in some cases the difference 
is larger than expected according to the 
requirement that the precursor pair be loosely- 
bound. 

Consideration of the relative stability of the 
planar quadripole and the hexipole trimer per 
dipole suggests that it is comparable in the 
two forms but slightly larger for the trimer. 
This also leads to the conclusion that forma¬ 
tion of the quadripole should dominate an 
appreciable part of the aggregation reaction 
giving rise to a readily detected second order 
reaction. Therefore, the important question is: 
Why does the planar quadripole not form? 
Evidently the determining factor is a kinetic 
one in that as two dipoles approach each other 
the mode of motion produces a repulsive 
interaction during each successive step which 
is approximately equal to the attractive inter¬ 
action at the beginning of the act of approach. 
The amount of this repulsive interaction 
opposing quadripole formation from the stable 
pair configuration that immediately precedes 
it is ~0-l eV. This is sufficient appreciably 
to inhibit quadripole formation and strongly 
favors the trimer formation. 


It should be pointed out that rather than 
being an effect peculiar to the alkali halides, 
inhibition of certain aggregation products by 
electrostatic constraints is expected to be 
quite general. It should occur in ionic crystals 
whenever transport of impurity is accom¬ 
plished through the motion of a coupled entity 
with a large dipole moment which is confined 
to move on a single sub-lattice such as con¬ 
sidered here. If, in addition, the dipole bears 
a net charge as would be the case for M 3+ - 
cation vacancy dipoles in the alkaline earth 
oxides, the constraints would be large indeed 
making even the formation of the linear dimer 
difficult. It will be interesting to see whether 
evidence for such inhibiting effects can be 
found in other materials. One possible excep¬ 
tion already in the literature should be noted, 
namely, the aggregation of 0 2 -anion vacancy 
dipoles in alkali halides studied by Giimmer 
[22] in which loss of dipoles occurs via a 
second order reaction. The difference may 
well be associated with the different chemical 
forces involved which are reflected by the very 
large energy of association of the 0 2 -vacancy 
dimer in KCI (0-85 eV). 
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TECHNICAL NOTE 


Piezoemission of gallium antimonide 

(Received 31 March 1969) 

Photoluminescence in GaSb is studied at 
several temperatures. The splitting of the free 
exciton line as a function of calibrated uniaxial 
compressive stress is measured at low tem¬ 
perature. The deformation-potential constants 
for the valence band are determined: b = — 2 
eV and d = —4-6eV. 

1. INTRODUCTION 

In recent years the infrared optical prop¬ 
erties of Gallium Antimonide have been ex¬ 
tensively studied by Fan and coworkers. Three 
absorption peaks (a, /8, y) and a low energy 
tail have been observed [ 1 ] at 4°K in the vicinity 
of the intrinsic absorption edge of unintention¬ 
ally doped GaSb (the samples werep-type with 
approximately 10 17 holes/cm 3 at room tempera¬ 
ture). From magneto-optical studies it has been 
possible to conclude that the a peak is due to 
the formation of free excitons and the /3 and y 
ones to the formation of bound excitons. Three 
emission lines due to the annihilation of the y 
exciton and the recombination on two 
acceptor levels have been observed at 4°K by 
Johnson et al. [2]. The annihilation of the a 
and/3 excitons was not observed. 

We have studied the emission spectrum at 
several temperatures and the stress depen¬ 
dence of the free exciton line at 35°K of 
unintentionally doped samples of GaSb. 

2. EXPERIMENTAL RESULTS 

The experiments were performed on p-type 
samples (p — 10 17 /cm 3 ) purchased from 
Cominco Ltd. The stress apparatus and the 
arrangement for the photoluminescent mea¬ 


surement have already been described in a 
previous publication [3]. The polarized light 
study was made with a H-R Kodak polaroid. 

1. Emission 

The observed spectra at 4°K, 20°K and 
70°K are shown in Fig. 1. The /, line at 778 
meV is due to the recombination on the 
acceptor level which is characteristic of the 
undoped p-type samples. The line at 796 
meV corresponds to the y peak seen in 
absorption by Fan. The lines situated at 803 
meV and 810 meV at 20°K were not seen 
previously in the emission experiments of Fan 
because they were performed at 4°K. The 
position of the first line (803 meV) is at slightly 
lower energy than that (805 meV) of the 
absorption peak /3 measured by Johnson and 
Fan. The position of the other line (810 meV) 
is at the same photon energy as that of the 
corresponding absorption peak a observed by 
Johnson and Fan. 

Whereas the intensity of the acceptor re¬ 
combination line varied linearly with the rate 
of excitation, the intensity of the highest pho¬ 
ton energy lines varied quadratically. The 
linear variation of the intensity of l x line indi¬ 
cates that the concentration of free electrons 
varies linearly with the rate of excitation and 
is determined essentially by non-radiative 
recombination processes. The quadratic varia¬ 
tion of the intensity of the two highest energy 
lines is expected for exciton creation if the 
concentration of free holes, as the concentra¬ 
tion of free electrons, varies linearly with the 
rate of excitation. 

At a temperature of about 20°K, the effect 
of a strong magnetic field on the emission 
spectrum was studied. Shifts of the two high¬ 
est energy lines were observed. Up to 20 kG 
these shifts varied quadratically in the field 
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amplitude; above 20 kG they varied linearly. 
This behaviour is expected for free and bound 
excitons. At 50 kG a splitting into two com¬ 
ponents was observed for the highest energy 
line. This splitting is attributed to the two spin 
levels of the electron. We find \g\ = 6 which is 
in good agreement with effective mass theory 
and experimental results of Johnson and Fan 
on the a absorption peak [ 1 ]. 



Fig. I. Emission spectrum of GaSb at low injection level 
lor T = 4°K. 20 and 70°K. 

2. Piezoemission 

The change in the energy of free exciton 
levels under the action of a uniaxial stress is 
very complicated when taking into account 
polariton effect, j-j electron-hole coupling, 
variation of the ground state binding energy 
E ex and longitudinal or transverse polarization. 
But these effects can be neglected when the 
stress induced splitting of the valence bands is 
much greater than E ex so that the splitting of 
the free exciton ground state is very nearly 
equal to the splitting of the valence bands. 

The free exciton positions as a function of 
stress in the (100) and (111) directions are 
given in Fig. 2.* As it is expected when the 


•Unlike our experiments on InSb[3] we can observe 
the energy component of the line and directly measure the 
separation of the levels at low stress because the exciton 
lines in GaSb are sharper than the band to band ones in 

InSb. 



cm-*) 

Fig, 2. Position of the maximum of the free exciton emis¬ 
sion line vs. the intensity of the applied pressure. 
0,£X <r;+, £//or; -cr// (100);-<r II (111). 

spin-orbit splitting is large compared with the 
stress induced splitting of the valence bands, 
the later splitting is linear in the stress. The 
change A E in the mean position (center of 
gravity) of the two components is roughtly the 
same for the same intensity of stress AP in the 
(100) and (111) directions. We obtain: 

A F 

= 4-6 X 10“ 6 eV kg -1 cm”. 

In a cubic crystal the value of the band gap 
variation A E with an hydrostatic pressure 
A P H is three times larger than the value 
obtained with a uniaxial stress of same in¬ 
tensity: 

- = 14 X 10~ 6 eV kg -1 . cm 2 . 

‘ 1 " H 

This value is slightly smaller than the value 
directly found by Kosiki[4] (|4-5xlO' 6 eV 
kg - '. cm 2 ) for an undoped crystal. 

The deformation potentials are calculated 
using the values of the elastic constants mea¬ 
sured by McSkimin et al.[ 5]. The signs are 
determined by the selection rules in polarized 
light as in the case of indium antimonide[3]. 
The lowest energy component is allowed for 
light polarized both parallel and perpendicular 
to the stress axis. The highest energy com- 
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ponent is only allowed for light polarized per¬ 
pendicular to the stress axis. We obtain results 
which are analogous to the case of InSb: the 
band (Mj = ±i) ‘goes up’ and the band (Mj = 
±f) ‘goes down’ for compressive stress. The 
deformation potentials have also the same 
order of magnitude. We find: b — — 2 eV and 
d = ~ 4-6 eV. 

One expects from symmetry that the ratio 
of the two electric-dipole transition probabili¬ 
ties corresponding to the band (Mj = ±t) for 
parallel and perpendicular polarized light 
should be equal to 4. The polarization ratio of 
the lowest energy component is less than 4 
because of different light reabsorption in the 
sample for the two polarizations.* 

3. CONCLUSION 

By studying the emission spectrum of GaSb 
as a function of a calibrated uniaxial stress we 
have measured the deformation potentials of 
the valence bands. These potentials have 
approximatively the same values for GaSb as 
for GaAs[6], GaP[71, InSb[3], Si[8], Ge[8], 


*It seems that the difference of reabsorption for the 
two polarizations is responsible for the difference of the 
position of the maximum of the lines observed in InSb at 
high pressure (3). 


CdTe[9]: b - — 2eV and =*—5eV. Further¬ 
more the stress-induced splittings are nearly 
isotropic. However, in GaSb the splitting in 
the (100) direction is about 20 per cent larger 
than in the (111) direction', a? in InSb. 
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RAMAN SPECTRA OF VITREOUS SILICA, GERMANIA 
AND SODIUM SILICATE GLASSES* 
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Abstract-The polarized Raman spectra of vitreous silica, germania, and sodium silicate glasses 
have been obtained in the frequency shift region extending from 10 to 1300 cm -1 . The observed 
spectra of silica and germania have been compared with recent calculations of the vibration spectrum 
and with the i.r. spectrum. The Stokes-Raman spectrum at low temperatures of vitreous silica 
decreases markedly in intensity at low frequencies (less than 100 cm -1 ), but only slightly at higher 
frequencies (greater than 300 cm -1 ). The temperature dependence of the Stokes-Raman spectrum is 
consistent with first-order processes. 


1. INTRODUCTION 

In recent years polarized Raman spectra 
obtained with laser excitation sources have 
proven to be a valuable means of obtaining 
information about the vibrational spectra of 
solids. Such spectra provide a great improve¬ 
ment in the low frequency region in which 
there have been few studies reported for sili¬ 
cate glasses. Furthermore, new calculations 
of the vibration spectra of simple glasses have 
recently appeared and these can be compared 
to the observed Raman spectra. In addition, 
an examination of the spectrum as a function 
of temperature would be expected to be quite 
useful as there are a number of anomalous 
thermal properties which might be explained 
by the presence of low frequency modes. 

The Raman spectrum of fused silica has 
been studied by a number of investigators 
[1-5] of which that due to Flubacher et al. 
[1] is noteworthy for its quality using arc 
source excitation. A broad low frequency 
band found earlier by Krishnan[2] was further 
studied in greater detail in the very low fre¬ 
quency region down to 8 cm -1 . A few spectra 
for Ge0 2 have been reported [6] at higher 
frequencies, but no low frequency data has 
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been given. Raman spectra of sodium silicate 
glasses have been reported by Wilmot[7], 
but the low frequency region has not been 
studied due to experimental difficulties. More 
data is generally available for the i.r. spectrum 
of glasses at the present time [8-14]. A useful 
review of some of the older i.r. and Raman 
data up to about 1959 has been given by 
Simon [8]. 

The calculation of the density of vibrational 
modes can be carried out by a number of 
methods. Most of the work in the past has 
tended to treat the vibrations of Si0 4 struc¬ 
tural units or larger units of this type [15,16]. 
During the past few years a different approach 
has been adopted by Bell et al.[\l]. This 
method involves considerable computation, 
but is capable of providing the density-of- 
states of the vibration spectrum of a realistic 
model of a vitreous material instead of the 
eigenfrequencies of a smaller number of units. 
The starting point of such calculations is the 
construction of a random model of several 
hundred atoms of a vitreous material. Such 
models can be constructed representing 
vitreous silica based upon certain rules. Radial 
distribution functions can be calculated with 
the aid of such models and give fairly good 
agreement with the observed X-ray and neu¬ 
tron diffraction measurements. While good 
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agreement does not necessarily imply that a 
random model is correct in all details, it does 
provide a good indication that such an 
approach is not too different from the actual 
situation. The next phase consists of a com¬ 
puter calculation of the vibration spectrum 
of such a system assuming central and non¬ 
central nearest neighbor interactions. Since 
the system consists of several hundred atoms, 
there are a sufficient number of modes to 
enable a histogram of the density-of-states 
to be obtained. Calculations of this nature 
have greatly increased our understanding of 
nature of vibrations in vitreous materials and 
so it is of considerable interest to compare 
the calculated and observed results. Infrared 
and Raman spectroscopy currently provide a 
relatively easy experimental means of deter¬ 
mining the vibrational modes of such systems. 
In order to make a good comparison it is 
necessary to include the interaction of the 
electromagnetic radiation with the vibrations, 
as some modes are much more strongly 
coupled than others. This has not yet been 
carried out. To a first approximation it is 
possible to compare the observed Raman 
spectrum with the calculated vibration spec¬ 
trum although the two are not the same. 


2. EXPERIMENTAL 

The Raman spectra reported here were 
observed with excitation at 488 nm at an 
average power level of about 250 mW. A 90° 
geometry was employed with the incident 
electric vector perpendicular to the scattering 
plane. The scattered radiation was analysed 
with a Spex Model 1400 spectrometer having 
a 1200 groove/mm grating operating in second 
order. A polarization scrambler was inserted 
before the entrance slit to avoid grating 
polarization effects. The detection system 
consisted of a cooled ITT FW 130 phototube 
operating in a photon counting mode. The slit 
width did not exceed 3 cm -1 which was quite 
adequate for the relatively broad spectra 
noted here. Some difficulty was encountered 


due to grating ghosts in the very low frequency 
region in samples which were not perfectly 
clear. Usually such effects could be detected 
by their characteristic appearance. 

Commercially available samples of vitreous 
silica of the following types were employed: 
Corning 7940, Infrasil, and Suprasil. The 
vitreous germania and sodium silicate glasses 
were prepared by Mr. R. J. Ginther of this 
laboratory. 

Low temperature spectra were obtained 
with the sample mounted on a cold finger in 
the dewar. An estimate of the sample tem¬ 
perature could be obtained by measuring the 
ratio of the Stokes to anti-Stokes intensity at 
around 50 cm'. This indicated a sample 
temperature of about 12°K. 


3. RESULTS 

The Raman spectrum of vitreous silica at 
room, liquid nitrogen, and liquid helium 
temperatures is shown in Fig. I. It can be seen 
that the low frequency Stokes-Raman spec¬ 
trum is markedly temperature dependent and 
this will be discussed later. In Fig. 2 and Fig. 
3, the room temperature Raman spectrum of 
vitreous silica and vitreous germania is com¬ 
pared to calculations of the density of states 
and with the i.r. spectrum reported previously. 

UJ 



Fig. I. Raman spectrum of vitreous silica at various 
temperatures. The dots represent the low temperature 
spectrum calculated from the room temperature spectrum 
assuming first-order processes. The sharp bands at ± 13 
cm - ' marked by (*) are due to grating ghosts. 
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Fig. 2. Comparison of observed Raman spectrum, observed i.r. absorp¬ 
tion (12). and calculated density-of-states[17) for vitreous silica. 


The maximum scattered intensity for germania 
is about ten times that of silica. In Fig. 4, a 
comparison of the room temperature Raman 
spectra of vitreous silica and sodium silicate 
glasses of various compositions are given. 
Here these spectra obtained using a laser 


GgO? 



Fig. 3. Comparison of observed Raman spectrum, ob¬ 
served i.r. transmission [6,14] and calculated density-of- 
states[l 7] for vitreous germania. 



Fig. 4. Polarized Raman spectra of vitreous silica and 
sodium silicate glasses of various compositions. Upper 
trace for each material: polarization with electric vector 
parallel to that of exciting radiation. Lower trace for each 
material: polarization with electric vector perpendicular 
to that of exciting radiation. The bands indicated by (*) 
at very low frequencies are believed to be due to grating 
ghosts and are not characteristic of the sample. The dotted 
lines in these low frequency regions are more character¬ 
istic of the true sample scattering. 
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excitation source provide superior results in 
the low frequency region and perhaps show 
some finer structure elsewhere. 

Although three different types of vitreous 
silica were employed, no differences were 
noted in the frequency range studied, except 
possibly for the appearance of a very small 
band near 975 cm -1 in Suprasil. It is well 
known that the transmission of these glasses 
varies considerably in the near i.r. at 2-7 ptm 
due to OH impurities and in the region of 180 
nm due to metallic impurities. Apparently, 
these impurities are not present in sufficient 
concentration to affect the Raman spectrum. 


4. DISCUSSION 

The interpretation and discussion of these 
Raman spectra will be divided into the follow¬ 
ing three parts: (1) the temperature dependence 
of the Raman spectrum of vitreous silica; (2) 
Raman spectra of vitreous silica and germania 
and relation to the i.r. spectra; and (3) 
spectra of sodium silicate glasses. 

I. The temperature dependence of the spec¬ 
trum of vitreous silica 

It can be seen from Fig. 1 that the Raman 
spectrum of vitreous silica is highly tempera¬ 
ture dependent in the low frequency region 
below 100 cm -1 , but is only slightly tempera¬ 
ture dependent in the higher frequency region 
above 300 cm -1 . The question arises as to 
whether this temperature dependence stems 
from some unusual effect or whether it stems 
from a more straightforward origin. Since 
the thermal properties of glasses at low tem¬ 
peratures display some anomalies in the heat 
capacity and thermal conductivity [18], the 
presence of additional low frequency modes 
in addition to those predicted from the elastic 
properties is not unexpected. The occurrence 
of the broad depolarized low frequency scat¬ 
tering maximum in the Raman spectrum given 
by Flubacher et al. was considered evidence 
that such modes might indeed exist [1]. 


A simple approach that has been taken here 
is to analyse the temperature dependence of 
these modes in the simplest way. This is to 
make the a priori assumption that they are 
due to first-order processes. The Stokes- 
Raman intensity associated with first-order 
processes is proportional to 1 + n„, where 
n 0 = ]l[e\p(hw 0 lkT) — 1] is the Bose popula¬ 
tion factor[19]. For frequencies of 300 cm -1 
and above which are typical vibration fre¬ 
quencies, the value of 1 + n 0 does not exceed 
1-3 at room temperature. Consequently, the 
first-order vibrational spectra which are 
usually encountered have a slight tempera¬ 
ture dependence. At 50 cm - ' and at room 
temperature the value of 1 + n 0 is 4-68, giving 
a substantial temperature dependence. The 
more common situation used to explain large 
temperature dependent bands at low frequen¬ 
cies involves second and higher order 
difference processes. Such processes are more 
sharply temperature dependent. 

In order to see if the data is consistent with 
first-order processes, the low temperature 
spectrum has been calculated from the room 
temperature spectrum as is shown by the dots 
in Fig. 1. Here the high temperature portions 
were matched in order to account for a slight 
change in sample position as the dewar is 
cooled. The agreement between the observed 
results and those calculated for first-order 
processes is quite good. 

It might be pointed out that the same single 
excitation process appears to hold for the i.r. 
spectrum at room and low temperature [20-22], 

This result follows from the single-excitation 
spectrum for a set of coupled harmonic 
oscillators. The i.r. vibrational absorption 
for such a situation is given by (1+«„)-«„ 
where (1 + n 0 ) is the probability of absorption 
and rt 0 is the probability of emission [23]. 

It can be seen from Fig. 1 that the scattered 
spectrum at low temperatures which is more 
characteristic of the vibration spectrum of 
the solid no longer contains a scattering maxi¬ 
mum near 50 cm -1 . This also is true of the 
i.r. spectrum at all temperatures. The i.r. 



RAMAN SPECTRA 


419 


absorption coefficient appears to vary 
as the square of the frequency between 
30 and 100 cm -1 , but falls below the frequency 
squared curve at lower frequencies [20]. 
The Raman scattering appears to be roughly 
linear in this frequency range. The origin 
of the low frequency Raman and i.r. spectrum 
in vitreous silica is of considerable importance 
in relation to the anomalous thermal properties. 
The following possible explanations can be 
put forward: 

(1) The behavior is associated with a ran¬ 
dom structure and could be explained by 
calculations carried out using a model. The 
existing calculations have been based upon a 
model involving only several hundred atoms. 
This is not sufficiently large to obtain a low 
frequency vibration spectrum. In principle, 
calculations of this type with larger models 
could be carried out. 

(2) The behavior is associated with defects 
occuring in the random silicate structure. This 
can be regarded as the breaking of an Si-O 
linkage. Evidence as to the possibility of a 
large number (of the order of 1 per cent) of 
such defects is suggested by considering the 
number of Schottky defects at the melting 
temperature [24]. 

(3) The behavior is associated with foreign 
impurity centers such as those due to hydro¬ 
gen, hydroxyl, or metal ions. 

While a definitive answer to these possi¬ 
bilities can not be given, some comments 
can be made. In the first place, the experi¬ 
mental data for the low frequency Raman 
spectrum appears to be independent of the 
type of sample. It is known that the concen¬ 
tration of hydroxyl groups in various samples 
differs as this is readily observed at the stretch¬ 
ing frequency in the i.r. Infrasil is more 
transparent in this spectral region, and thus 
has a lower hydroxyl concentration. Suprasil 
is more highly transparent in the u.v. and is 
believed to be particularly low in metallic 
impurities. While measurements on these 
samples have not been carried out in the i.r., 
there does not seem to be too great a disparity 


of absorption coefficients among the various 
investigators and the existing variation might 
be attributed to difficulties in measurement 
of unwanted radiation. Consequently, it is 
felt that foreign impurities do not contribute 
to the origin of the low frequency Raman or 
i.r. spectrum. As to whether defects in the 
random structure or whether the behavior 
is characteristic of the random structure 
itself is still an open question. 

In view of certain anomalous thermal prop¬ 
erties, the presence or absence of low fre¬ 
quency modes presents a number of interesting 
questions. An estimate of the number of low 
frequency modes which might account for the 
anomalous heat capacity has been given[1]. 
It has been estimated that modes correspond¬ 
ing to about one per cent of the total number 
and located at low frequencies (=40 cm -1 ) 
might account for the heat capacity using a 
simple model. If most of these modes were 
located at certain discrete frequencies, 
they might be observable in the i.r. and Raman 
spectrum. If broadened they might be diffi¬ 
cult to observe. The presence of the low 
frequency scattering maximum at room tem¬ 
perature has been suggested as evidence for 
the presence of such modes [1]. The low 
temperature data presented here indicates 
much of this scattering is due to a tem¬ 
perature enhancement and not necessarily 
representative of the true vibration spectrum. 
It might be noted that this low frequency 
scattering maximum is more prominent in 
sodium silicate glasses and that a corres¬ 
ponding increase in the far i.r. absorption 
in the same frequency region is noted[l 1,20]. 

It has been pointed out that the i.r. reflec¬ 
tion spectrum of vitreous silica is tempera¬ 
ture dependent in the high temperature region 
[25]. It is believed that changes in the angle 
of neighboring silicon-oxygen tetrahedra 
are important in accounting for these results. 
A corresponding behavior might be expected 
in the Raman spectrum in addition to the 
usual temperature dependent effects assoc¬ 
iated with first-order processes. 
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2. Raman spectra of vitreous silica and ger- 
mania and relation to the i.r. spectrum and 
theory 

In order to provide a comparison among the 
Raman spectrum, i.r. spectrum, and calcula¬ 
tions of the vibration spectra, the data has 
been assembled on a common scale. The 
results for vitreous silica are shown in Fig. 2 
and for vitreous germania in Fig. 3. 

The calculated spectra were taken from 
Fig. 1(a) and 3(a) of the article by Bell et al. 
[17]. The i.r. curve is the imaginary part of 
the complex dielectric constant (Ink) ob¬ 
tained by Miler from reflection spectra[12]. 
Infrared data for vitreous germania is less 
common and only the transmission spectra 
of powders have been reported. The lowest 
frequency absorption band was taken from 
Cheremisinov [6] and the two higher frequency 
bands from Lippincott et al.[ 14]. 

In general there is fairly good agreement 
between the positions of the calculated and 
experimental spectra. Since the input for the 
calculations involves an estimate of the magni¬ 
tude of the force constants, some discrepancy 
with the observed results might be expected. 
The various bands are tabulated in Table 1. 

The highest frequency maximum in the 
calculated Si0 2 spectrum has been associated 
with a ‘bond-stretching’ vibration which has 
been described by Bell et al. as one in which 
the bridging oxygens move in opposite direc¬ 
tions to their Si neighbors, and roughly parallel 
to the Si-Si lines. Such a motion might be 
expected to the strongly i.r. active and 
weakly Raman active. This can be associated 
with the strong i.r. band at 1061 cm" 1 . There 
is a weak depolarized Raman band at this 
frequency. The small i.r. shoulder and weak 
Raman band at a slightly higher frequency 
around 1200 cm -1 has not appeared in the 
calculations. The next stronger lower fre¬ 
quency band near 730 cm -1 has been associated 
with a ‘bond-bending’ type of motion in which 
the oxygens move approximately at right 
angles to the Si-Si lines and in the Si-O-Si 
planes. This probably corresponds to the 


Raman band at 800 cm -1 and the i.r. band 
at 811 cm -1 . At lower frequencies the bands 
are not well defined as the modes are no longer 
localized. The maximum in the spectrum at 
410 cm -1 is associated with a ‘bond-rocking’ 
motion in which the atoms move roughly 
perpendicular to the Si-O-Si planes. There 
is a broad strongly polarized Raman band 
at 410 cm -1 and a strong i.r. band at 443 cm -1 . 
The presence of a strong Raman band in 
Ge0 2 at about the same frequency suggests 
that this band can be largely attributed to 
motion of the oxygens. 

The situation for vitreous germania is not 
quite as clear. Inspection of Fig. 3 reveals a 
rather good resemblence between the Raman 
spectrum and the calculated vibration spec¬ 
trum in that there is relatively sharp band 
calculated at 370 cm -1 which seems to cor¬ 
respond to a prominent band in the Raman 
spectrum centered at 412 cm -1 . On either side 
of this band there appears to be sidebands and 
in both the calculated and observed spectra. 
One thing which seems a little out of line is 
that no corresponding i.r. absorption band can 
be found at 410 cm -1 . Consequently it is not 
known whether to assign the bond-rocking 
mode to the peak of the i.r. absorption or to 
the peak of the Raman scattering. 

Finally, there is the question of a comparison 
of the i.r. and Raman spectrum with that 
obtained from inelastic neutron scattering 
data[26], There does not seem to be any rela¬ 
tion between the inelastic neutron scattering 
maxima and those observed by optical 
methods. The reason for this is not known. 

In comparing the experimental spectrum 
with the calculations, it must be realized 
that interaction with radiation has not been 
taken into account. This is not apt to be as 
serious for the Raman spectrum as the selec¬ 
tion rules are not as stringent, especially 
at lower frequencies. In addition in carrying 
out calculations there are certain assumptions 
regarding the nature of the forces and magni¬ 
tude of the force constants. Such assumptions 
are more apt to hold for Ge0 2 than Si0 8 as 
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Table 1. Classification of vibrational modes in vitreous silica and germania 



Silica 



Germania 


Tentative 

descriptive 

assignment 

Calc. [17] 
(cm -1 ) 

Raman 

(cm -1 ) 

I.R.[12] 
(cm" 1 ) 

Calc. [17] 
(cm -1 ) 

Raman 

(cm'*) 

!.R.[6,14] 
(cm- 1 ) 

41<Xs) 

60(b, s, d) 

41<Xb,s,p) 

443(s) 

200(b, m) 
37(Xs) 

60(b, s,d) 
320(m ,p) 
4!2(s, p) 

315(s) 

bond rocking 

73(Xm> 

490(s, p) 

600(w,p) 

800(w,d) 

568(b, w) 

81 l(m) 

5001m) 

560(b, m, p) 

564(s) 

bond-bending 

1040(m) 

1065(w, d) 

1061(s) 

850(s) 

862(w, d) 

888(s) 

bond-stretching 


1200tw,d) 

1200(w) 


945(w, d) 



b = broad; s 

= strong; m 

= medium; w 

= weak; p = 

polarized; d = 

depolarized. 



the central mass of the tetrahedron is much 
heavier than the masses at the vertices. This 
might be one reason why the calculated and 
observed Raman spectra for Ge0 2 seem some¬ 
what closer than for Si0 2 . As far as positions 
of calculated frequency maxima go, the input 
force constants to the calculation were rough 
estimates and a better fit might be found by 
varying the input parameters. Furthermore, 
the structures of Si0 2 and Ge0 2 have not been 
established on a definitive basis and this may 
affect the data. On the whole the agreement 
obtained so far appears very promising for this 
type of approach. 

3. Raman spectra of sodium silicate glasses 
The Raman spectra of sodium silicate 
glasses shown in Fig. 4 are characterized by 
the appearance of two bands at about 500 
cm' 1 and 1100 cm" 1 which appear to grow in 
intensity as the sodium concentration is in¬ 
creased. These major features have been 
reported earlier[7] 'and are discussed in 
the review by Simon[8]. It has been suggest¬ 
ed that the lower frequency can be associated 
with a bending vibration of the Si-O - non¬ 
bridging oxygen group. The sharpness might 
be attributed to a decoupling from other modes 
of the random network. The higher frequency 
at 1100 cm -1 can be attributed to bond stretch¬ 
ing vibration of the Si-O" non-bridging 
oxygen or that of the bond stretching motion of 


the Si-O-Si bridging group discussed earlier 
in the section on vitreous silica. 

In addition to these more obvious features 
which are well known, there are a number of 
finer details to the spectrum not previously 
reported which may be of some significance. 
In the first place there seems to be a broad 
low frequency maximum in all of these sodium 
silicate glasses. Some difficulty was encoun¬ 
tered in observing these due to grating ghosts, 
but a low frequency scattering maximum at 
about 60 cm" 1 is quite evident. As discussed 
in the first part, much of the intensity in this 
low frequency region can be attributed to a 
temperature enhancement and is not charac¬ 
teristic of the true vibration spectrum. How¬ 
ever. it does appear that there is a greater 
amount of scattering for a sodium silicate 
glass than for vitreous silica. The origin of 
this low frequency scattering may or. may not 
arise from the same cause as the low frequency 
i.r. absorption. The latter was discussed by 
Bagdade and Stolen[20] using a model in¬ 
volving charges distributed in a continuous 
medium. There is a large change in the far 
i.r. absorption coefficient (over a factor of 10) 
between vitreous silica and soft glass. While 
there does seem to be some change in the 
Raman scattered intensity between vitreous 
silica and soft glass, the change is much less 
than in the i.r. spectrum. 

It is of interest to compare the spectrum of 
Na20-6Si0 2 with that, of Si0 2 . In Si0 2 there 
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are sharp bands at 489 and 600 cm -1 . A band 
at 489 cm -1 and a shoulder at 600 cm -1 are 
observed in the sodium silicate glass and may 
correspond to bands at the same frequency in 
vitreous silica. A new band appears at 525 
cm -1 which might be associated with the 
formation of non-bridging oxygens. 

While the identification of these weaker 
bands in alkali silicate glasses is still un¬ 
certain, it is felt the method of Raman 
spectroscopy has great merit in investigating 
problems of this nature. 

5. CONCLUSIONS 

It has been shown that high quality Raman 
spectra of simple silicate-type glasses can be 
obtained and provide useful information about 
the atomic vibrations in solids. Fairly good 
agreement is obtained between the observed 
Raman spectra given here and calculations 
carried out elsewhere. All of these glasses 
have a broad low frequency maximum in the 
scattered intensity. In the case of vitreous 
silica, spectra at cryogenic temperatures have 
been obtained and the intensity of this low 
frequency maximum is greatly reduced. The 
temperature dependence of the Raman 
spectrum appears to be consistent with first- 
order processes in the temperature and fre¬ 
quency range studied. 
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MAGNETIC AND CRYSTALLOGRAPHIC EVIDENCE 
FOR LOCALIZATION TO DELOCALIZATION OF V 
^-ELECTRON LEVELS IN CuCr 2 _*V x S 4 SPINELS 

M. ROBBINS, A. MENTH, M. A. MIKSOVSKV and R. C. SHERWOOD 
Bell Telephone Laboratories, Incorporated, Murray Hill, NJ. 07971, U.S.A. 

(Received 12 June 1969; in revisedform 13 August 1969) 

Abstract-Spinels in the system CuV 2 S 4 -CuCr 2 S 4 (CuV.jCiVj.SJ were prepared and studied. CuV,S 4 
is a superconductor and CuCr 2 S 4 is metallic conducting and ferromagnetic (T c — 398°K). Magnetic 
measurements indicate that initially from x = 0 to x = 0-375 the substituted vanadium ions exhibit 
essentially localized d-levels and magnetic moments which are magnetically polarized antiparallel 
to the carriers in the Cu d-band and parallel to the localized Cr* + moments. With further addition of 
vanadium (x — 0-5 to x = 2) it appears that the V d-levels broaden into a band which merges with the 
Cu o-'-band, the total moment of which is polarized antiparallel to the localized Cr’ 4 moments. This 
behavior is manifested in the unit cell parameters, which increase between x = 0 and x = 0-375 since 
r v 3+ > r Cr 3+, followed by a linear decrease, with increasing vanadium content (x = 0-5 to x = 2), to 
CuV 2 S 4 . The change from local to band behavior for vanadium occurs over a rather small composi¬ 
tional range (Ax = 0-125). An attempt is made to explain most of the observed properties using 
Goodenough’s[4] band structure models for CuCr 2 S 4 and CuV 2 S 4 . 


INTRODUCTION 

The electric and magnetic properties of 
chalcogenide spinels containing Cu on the A 
(tetrahedral) sites, have been found to differ 
markedly from other sulfide and selenide 
spinels [1-4], Of particular interest in this 
work were the spinels CuV 2 S 4 and CuCr 2 S 4 . 
CuV 2 S 4 exhibits metallic conduction [2], 
superconductivity [5], and temperature 
independent Pauli-paramagnetism [1]. The 
formal valence distribution in this spinel is 
reported to be Cu 2+ V 2 3+ S 4 [4]. CuCr 2 S 4 is 
metallic conducting and ferromagnetic [1] 
(T c — 398°K) and is also believed[4] to 
contain the formal valence Cu 2+ on the tetra¬ 
hedral sites (Cu 2+ Cr 2 3+ S 4 ). Goodenough [4] 
proposed a model for CuCr 2 S 4 in which 
localized Cr d-levels fall below the top of 
the valence band and the Cu /^-levels mix 
covalently with the anionic valence band 
orbitals to form an unfilled <r *-band. Thus 
the magnetic properties of CuCr 2 S 4 would 
be due to antiferromagnetic interactions 
between carriers in the unfilled a /-band and 
the localized moments of the Cr 3+ ions which 


are ferromagnetically coupled by the nearest 
neighbor Cr-S-Cr interactions [6], In the 
case of CuV 2 S 4 , the proposed model assumes 
overlap of copper and vanadium d-bands 
which would be consistent with the observed 
electric and magnetic properties. In this paper 
we report the magnetic properties of the 
system CuCr 2 _ x V x S 4 in which Cr 3+ (with 
localized d-electrons) are mixed in the B sites 
with V ions (where in CuV 2 S 4 the d-electrons 
are presumed to be itinerant). 

EXPERIMENT 

Preparation and crystallography 
AH of the materials in this system were 
prepared by firing pellets of appropriate 
mixtures of Cu, V, Cr 2 S 3 , and S in sealed 
evacuated quartz tubes at 800°C for 48 hr. 
Single phase spinel compositions were found 
to form in the complete range between x — 0 
and x = 2 (CuV^Crj-^SJ. Total chemical 
analyses (to ±1 wt%) have verified the 
chemical compositions of materials in this 
system. Unit cell parameters, obtained by the 
least square method, as a function of com- 
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position are shown in Fig. 1(a). As shown the 
unit cell size increases with vanadium substi¬ 
tution to a maximum at x — 0-375. From x = 
0-5 to x-2 (CuV 2 S 4 ) the unit cell size 
decreases linearly. Although the ionic radius 
of V 3+ is larger than Cr 1+ the unit cell size 




Fig. 1. (a) Unit ceil parameters vs. composition ( x ) for 
the system CuV x Cr,-j.S 4 . (b) Magnetic moment (Bohr 
magnetons) measured at 1J°K and I5kOe vs. com¬ 
position Or) for the system CuV x Cr 2 _ J .S 4 . 


of CuV 2 S 4 has been found [2] to be smaller 
than that of CuCr 2 S 4 . This is related to 
the delocalized nature of the ^-electrons 
of the vanadium ions in CuV 2 S 4 , which 
could result in an apparent vanadium radius 
(r v ) which is smaller in this system 
than its ionic radius. The increase in cell size, 
which was observed for the initial substitu¬ 
tion of V 3+ for Cr 3+ {x = 0 to x = 0-375) could 
be due to the presence of vanadium ions with 
localized d-electrons because r v „ > r Cfl ,. 
A similar effect was observed [7] when V ;t+ 
was substituted for Cr 3+ in CdCr 2 S„ resulting 
in an increase of the unit cell parameter 
(U(*dC*raS 4 ” 10-244 A, UrdVo.iCn.aS4 10-251 A). 
When the concentration of vanadium is 
increased further (x = 0-5 to x — 2) the 
observed decrease in cell size may be related 
to the delocalization of the \-d levels (as in 
CuV 2 S 4 ) which results in a smaller apparent 
ionic radius (r v ). The variation in unit cell size 
as a function of composition will be shown to 
be consistent with the magnetic data. 

Magnetic measurements 
Measurements of magnetic moment per 
molecule (N fl ) as a function of field, for 
various values of x, are shown in Fig. 2 and 
compared to calculated values in Table 1. 
For x « 0-375 the magnetic moments are in 
agreement with a model (Fig. 1(b)) which 
assumes that the V ions are V :H and carry 
a localized moment which is aligned parallel 
to the Cr 3t moment and, as Cr 3+ , is coupled 
negatively (antiferromagnetically) with the 
moment in the Cu o-*-band as in CuCr 2 S 4 . It 
is in this compositional region that the unit 
cell parameter increases as a function of x. 
The largest cell size is found for x = 0-375, 
which is the last sample to contain essentially 
localized V 3+ moments. With subsequent 
vanadium substitution (* = 0-5, 0-625,0-75) 
the magnetic moment decreases sharply to 
values which can only be accounted for by a 
model which assumes that the vanadium 
d-levels have combined to form a band 
which merges with the Cu cr/-band as in 
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Fig. 2. Magnetic moment vs. field for some compositions in the system 

CuV x Cr 2 _,S,. 


CuV 2 S„. The vanadium (/-electrons would 
then become identical to and magnetically 
parallel with the Cu (/-electrons, all of which 
are polarized antiferromagnetically to the 
localized Cr 3+ moment. In this compositional 
region the unit cell parameters decrease 
linearly between x = 0-5 and x — 2. 

The apparent change in the properties of the 
vanadium ion between x = 0-375 and x = 0-5, 
and further addition of vanadium (x = 0-5 to 
x — 2) serves to dilute the localized B site 
(Cr 3+ ) moment and consequently the strength 
of the long range magnetic interaction between 
the localized and itinerant electrons. This 


results in the failure of the localized Cr 3+ 
moment to polarize the total potential band 
moment. Magnetic measurements in fields up 
to 50kOef show that the moment of the 
material where x = 1 increases continuously 
with field which tends to align the magnetic 
moment in the band parallel to the Cr 3+ 
moment in the direction of the field. Cal¬ 
culations predict that as x increases the 
moment should decrease until, at x—1, a 
compensation point (at x = 1, N B — 0) should 


tHigh field (up to 50kOe) measurements are being 
carried out and will be reported in detail at a future date. 
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Table 1 


CuV*Cr,-,S< Observed moment <A> Theoretical moment 


0 

4-79 

0-125 

4-68 

0-25 

4-53 

0-375 

4-16 

0-5 

2-9 

0-625 

18 

0-75 

1 22 


500 


4-875 

4-375 

4-75 

3-75 

4-625 

3-125 

4-5 

2-5 

4-375 

1-875 

4-25 

1-25 


(A) Obtained by extrapolation to infinite field. 

(B) a These moments were calculated assuming the moment of the 
vanadium ion (2/ig) is aligned parallel to that of Cr ,+ and antiparallel to 
the Cu moment in the band. 

b These moments were calculated assuming that the vanadium d- 
electrons are itinerant and like the Cu d-e lectrons are polarized anti¬ 
parallel to the Cr st moment. 


be reached and for larger values of x(x > 1) 
the potential moment in the band would be 
larger than the moment of the localized Cr 1+ 
ions. Therefore, if the localized moment were 
capable of totally polarizing the band moment, 
ferromagnetism should disappear at x — 1 
and reappear for x > 1. This phenomenon 
should only be apparent at zero field due to 
the moment induced by the external field. 
It is interesting to note that extrapolations to 
zero field in a- 2 vs. H/cr (Fig. 5) plots[8] 
results in the disappearance of remenant 
magnetization in the vicinity of x = 1 and the 
subsequent appearance of zero field remance 
for x = 1-5 and x — 1-75. The moments shown 
as a function of composition in Fig. Kb) 
are those measured in a field of 15 kOe. The 
moment induced by this field may account 
for our failure to observe zero moment at 
x «= 1. 

The magnetization as a function of tempera¬ 
ture was measured in a field of 15 3 kOe and 
the results are shown in Fig. 3. The Curie 
temperatures (T c ) obtained from the point of 
maximum slope in the magnetization curves 
are shown as a function of composition in 
Fig. 4. It should be noted (Fig. 4) that although 
T c decreases with increasing vanadium 
substitution the sharpest decline occurs in 
the region from x — 0-25 to x = 0-75 which is 


where the apparent change in the properties 
of the vanadium ion takes place. 

Effective paramagnetic moments obtained 
from susceptibility measurements above T c 
are shown in Table 2. Since CuV 2 S 4 exhibits 
temperature-independent Pauli paramagne¬ 
tism, it was assumed that the paramagnetic 
contribution of the copper and vanadium 
(where r ^ 0 5) was temperature independent 
and the temperature-dependent magnetic 
suceptibility was due only to the Cr ,+ ions. 
It was necessary, therefore, to correct the 
susceptibility measurements for the tempera¬ 
ture-independent contribution. The correc¬ 
tion for each composition was the fraction of 
the susceptibility of CuV 2 S 4 corresponding 
to the vanadium concentration. The observed 
effective magnetic moments per Cr 3+ ion are 
shown in Table 2. The observed values re¬ 
mained fairly constant for the compositions 
tested and the average value of 3-6 fi R is in 
qualitative agreement with the spin only 
value of 3-87 [9] for Cr 3+ . 

DISCUSSION AND CONCLUSIONS 

The two compositions where x = 0-375 
and x = 0-5 are critical ones as it is in this 
region that the transition in the properties of 
vanadium takes place. Magnetic moments of 
both of these samples differ somewhat 



MAGNETIC AND CRYSTALLOGRAPHIC EVIDENCE 


427 



Fig. 3. Magnetic moment at 15 kOe vs. temperature for some compositions in 
the system CuV x Cr 2 _ x S<. 



Fig. 4. Curie temperatures obtained from 15 kOe field measurements as a function 
of composition in CuV x Cr 2 -,S 4 . 


(~0-5/4fl) from the predicted values. The 
material where x = 0-375 is the last to exhibit 
essentially localized behavior of the V d- 
electrons and its observed moment was lower 
than that predicted. Whereas for x = 0-5 the 
material is the first to exhibit essentially 


delocalized V d-electrons and its observed 
moment was larger than that predicted. The 
observed differences may be accounted for 
by assuming a statistical rather than uniform 
distribution of vanadium ions in the spinels. 
In the sample where x = 0-375 a statistical 
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Fig. 5. Moment squared (cr, 8 ) vs. Hla for some compositions in CuV^Cr^S,. 

Table 2 


CuV,Cr e _. r S< 

X 

T, (°K) 

(at 15-3 kOe) 

Effective paramagnetic moment 
per Cr" 

0-25 

267 

_ 

0-375 

155 

— 

0-5 

75 

3-66 

0-625 

57 

3 61 

0-75 

46 

3-6 

1 00 

33 

3-5 

1-25 

22 

3-6 

1-5 

13 

3-54 

1-75 

8 

3-8 


distribution would result in a smaller distance 
between some fraction of the vanadium ions 
causing their rf-electrons to become itinerant 
and a lowering of the moment of the material 
with respect to the predicted moment. In 
the sample where x = 0-5 a statistical distri¬ 
bution would result in distances between a 
fraction of the vanadium ions which are 
greater than the mean distance for that com¬ 


position causing them to retain localized 
magnetic properties. Thus a larger magnetic 
moment than that predicted would be 
observed. 

The band structure model of Goodenough 
[4] for CuCr 2 S 4 and CuV 2 S., can be used 
to describe most of the properties of the 
CuV f Cr 2 -jS 4 system. The partial schematic 
band structure of CuCr 2 S 4 [4] is shown in 
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DENSITY OF STATES-► 




Fig. 6 (a and b). Band structure models for the system CuVj.Cr 2 .j-S 4 , adopted 
from Goodenough [4]. 


Fig. 6(a) and shows the unfilled Cu o-^-band 
formed from mixing of Cu c/-orbitals with the 
valence band (lower lying Cr 3+ rf-levels are 
not shown). As small amounts of V 3+ (0 < 
x « 0-375) are substituted for Cr 3+ , localized 
V 3+ t 2# -levels are formed near the top of the 
Cu <r *-band (Fig. 6(a)). In this state the V 3+ 
ions increase the unit cell size and exhibit 
localized magnetic moments which are polar¬ 
ized parallel to Cr 3+ and antiparallel to the 
induced- moment of the itinerant electrons in 
the copper band. As the concentration of V 3+ 
is further increased 0-375 < x *£ 2 the dis¬ 
tance between vanadium ions decreases and 
the ^-levels broaden into a band which merges 
with the Cu o-f-band (Fig. 6(b)) as described 
for CuV 2 S 4 [4], In this region the cell size 
decreases and the vanadium moment is 
delocalized and polarized (with the Cu 
moment) antiparallel to the Cr 3+ moment. The 
effective paramagnetic moment is in agree¬ 
ment with a Cr 3+ only moment. The transition 
in properties of the vanadium ion occurs over 
such a small compositional range (Ajc ~ 0-125) 
that the change may be described as a dis¬ 
continuous one similar to the model proposed 
by Mott [10] to describe the rapid change from 


semiconducting to metallic conductivity in 
various substituted metal and oxide solid 
solutions. 

As V 3+ is substituted in CuCr 2 S 4 the Curie 
temperature decreases rapidly with the 
sharpest decline occuring in the region in 
which the transition in V 3+ properties takes 
place. The sharp decline in T c , which begins 
with the initial substitution of V 3+ for Cr 3 *, 
may reflect in part a weaker Cr-S-V super- 
exchange interaction than the original Cr- 
S-Cr interactions as well as a weakening 
of the nearest neighbor ferromagnetic Cr- 
S-Cr interactions due to the initial lattice 
expansion. For compositions where x > 0-375 
the concentration of ions with localized 
moments decreases with increasing x leading 
to weakened magnetic interactions between 
localized and itinerant d-electrons. Further 
investigation of the observed itinerant ferro¬ 
magnetism, the electrical properties, and the 
persistence of ferromagnetism for relatively 
small Cr 3+ concentrations are being conducted. 
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Abstract-Using the method of second quantization the proton dynamics in hydrogen-bonded ferro- 
electrics is formulated. The general expression for the potential energy of the system of protons due 
to the presence of heavy ions is related to the well-known phenomenological models of Slater, Takagi 
and Blinc. The diagonal part of the Hamiltonian of the system of protons is represented in terms of 
the characteristic energies. These energies are calculated assuming the crystal structure KHjPO, and 
are found strongly dependent on the mass of the proton. The present theory can satisfactorily account 
for a large isotope effect which concerns the magnitude of the transition temperature. The behaviour 
of the ferroelectric mode in the vicinity of the transition point is considered. It is possible to test the 


' existence of this mode by measuring an inelastic 
transition point. 

1. INTRODUCTION 

The ferroelectric (ordered) phase in 
hydrogen-bonded ferroelectrics such as potas¬ 
sium dihydrogen-phosphate (KH 2 P0 4 ) is 
characterized by an ordered array of hydrogen 
atoms. This is well established by the neutron 
diffraction experiment of Bacon and Pease 
[ 1 ]. At 77°K, i.e. below the transition tempera¬ 
ture (T c = 122°K for KH 2 P0 4 ), Bacon and 
Pease found that the protons move around one 
of the two possible equilibrium positions. A 
free and clear interpretation of this experiment 
at the temperatures below T c is given in Fig. 1. 
Here we bring the environment of a phosphate 
(P0 4 ) group together with the other atoms the 
heights of which are given in A units. We also 
mark the four H-atoms surrounding a given 
phosphate group by 1,2,3,4. It is actually one 
quarter of the large unit cell which then con¬ 
tains sixteen nonequivalent protons as shown 
by X-ray or neutron diffraction data[2]. The 
crystal structure belongs to a tetragonal 
system which has a center of symmetry. The 
cell dimensions are = a 2 = 7-453 A, 


tThis work was supported by a grant from the National 
Research Council of Canada. 

§On leave of absence from the Boris Kidric Institute 
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scattering of neutrons at temperatures close to the 

a s = 6-959 A. Each P0 4 group is connected 
by four H-bondings to the other groups. 
The bonds lie almost parallel to either X or 
T-directions. The structure consists of two 
interpenetrating body-centered P0 4 tetrahedra 
and two interpenetrating body-centered K 
lattices in such a way that the K and P0 4 
sublattices are separated by a 3 /2 in Z-direction. 

At the transition point the crystal undergoes 
a phase transition which according to Landau’s 
classification may be a second order phase 
transition, since the crystal changes the 
symmetry. Also the crystal changes the cell 
dimensions slightly but the principal change 
in symmetry is caused by the proton motion. 
Above the transition point the protons occupy 
both equilibrium positions with an equal 
probability. This is directly shown by neutron 
diffraction. The proton density distribution 
here looks smoothly distributed over a small 
distance which is supposed to separate the 
two equilibrium positions. This distance was 
measured at various temperatures and it turns 
out to be about 0-35 A. The proton density 
distribution deduced from the neutron diffrac¬ 
tion extends along the hydrogen bond in the 
disordered (paraelectric) phase, while it 
becomes localized around an asymmetric 
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Fig. 1. F.nvironment of any given PO, group. The four 
nonequivalent hydrogen ions are marked by HI. H2, H3, 
H4. The heights of the oxygen ions are given in A units. 
The two equilibrium positions are indicated either by 
full circles if the hydrogens are close to PO, or by open 
circles if the hydrogens are away from PO,. 

position shifted from the centre of the bond 
in the ordered (ferroelectric) phase. The 
direction of the proton shift from the centre 
of the bond is reversed when the applied field 
is reversed. This seems to agree with the 
assumption that the phase transition in KDP 
is triggered by the order-disorder mechanism. 

According to the neutron diffraction every 
proton takes one of two possible positions in 
such a way as to ensure that only two protons 
around a given phosphate group occupy the 
positions close to the group. All other con¬ 
figurations in which one or three protons, or 
none or four protons, are attached to the group 
are assumed to have high configuration energy. 
The higher configurations seem to play no 
part in the ferroelectric phase transition. The 
polarization of the unit cell may be deter¬ 
mined from the proton configurations and a 
state of complete ordering in the proton 
arrangement is assumed to correspond to the 
ferroelectric ground state. The magnitude of 
the saturated polarization P a in the ordered 
phase is accounted by the observed values 
for the displacements of the ions K + , P +5 and 


O' 2 along the Z-axis relative to their sym¬ 
metric positions. Therefore, the hydrogen 
bondings do not contribute any considerable 
dipole moments to the saturated polarization 
so the essential unit of the dielectric properties 
is the dipole moment of the complex K + (P0 4 ) _ . 

Historically, the first molecular theory of 
the phase transition in KDP was proposed 
by Siater[3]. Exactly as the diffraction experi¬ 
ment showed later. Slater assumed that every 
proton takes only one of two possible posi¬ 
tions along the OH.. .O bonding line and from 
four hydrogen bondings attached to every 
P0 4 group he assumed only two protons to 
occupy the ‘close’ positions, the other two 
being ‘away’ from the group. Disregarding 
higher configurations Slater was able to ex¬ 
plain the observed entropy change at the Curie 
temperature by predicting the first order 
phase transition although the second order 
phase transition might be expected from a 
general and simple classification due to 
Landau [4]. By taking into account the 
higher configurations which Slater neglected. 
Takagi[5] was able to show that the phase 
transition could be a second order one. Al¬ 
though successful in describing many prop¬ 
erties of KDP, the Slater-Takagi model has 
a serious defect. Commonly characteristic 
of all the ferroelectric crystals having the 
hydrogen bonding is a large isotope effect. 
On deuteration. the Curie temperature is 
increased by a factor which varies from 1-48 
(CjHjAsO^) to 1 73 (KH 2 P0 4 ), while the Curie 
constraint C. at least for KDP. changes very 
little. Concerning the isotope effect on the 
saturated polarization P, the most recent 
measurement of Azoulay et «/.[6] gives 
P„(KD 2 P0 4 )/P s (KH 2 P0 4 )= 1-2. This effect 
can only partly be explained by the present 
theory. There is no isotope effect, however, in 
the Slater-Takagi model. Here the transition 
temperature is related only to the energy e 
(difference between the lowest configurations) 
where e is assumed to be independent of the 
mass of the particle. 

To explain the large isotope effect Pirrene 
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[7] treated the whole problem quantum- 
mechanically by introducing the kinetic 
energy of the protons. He tried to explain 
the isotope effect assuming that the protons 
move freely in a single-minimum potential 
field. Since the vibrational levels for the 
deuterons are lower, it may be expected that 
the transition temperature in deuterated com¬ 
pounds is higher. However, the proton vibra¬ 
tional levels predicted by Pirrene are in dis¬ 
agreement with optical observations. Pirrene's 
idea is further developed by Blinc[8] in a 
model where the proton makes a tunnelling 
motion across the double minimum potential 
field. It is evident that the tunnelling motion 
opposes the tendency of obtaining a low 
energy configuration. If the proton tunnelling 
really takes place, it should be seen as a 
splitting of the proton vibrational levels. First 
experiments by Blinc and Hadzi[9] who 
analyzed the far infrared absorption data 
seem to have found the expected vibrational 
splitting. However, the interpretation of their 
experiments was questioned by Lazarev 
and Zaitseva [10] and independently by 
Barker and Tinkham[l 1]. 

In spite of some unclear points the Blinc 
model was carefully examined and generalized 
in two exhaustive papers by Tokunaga and 
Matsubara[12] in order to give a consistent 
account of various experimental results. The 
main idea these authors start from is the 
existence of a proton tunnelling. The phase 
transition is assumed to be caused by a co¬ 
operative ordering in the proton arrangement 
to which the displacements of heavy ions are 
strongly coupled. The ferroelectric behaviour 
of KDP is therefore obtained as a collective 
effect of several different terms including the 
ionic displacements, interaction between ions 
and protons and the kinetic energy of protons. 
Essentially the same interaction terms are 
considered independently by the present 
author in an earlier paper[13] in which the 
proton frequency spectrum as a function of 
temperature is calculated. This work was 
continued in another paper[14] where the 


elementary excitations of the hydrogen- 
bonded ferroelectrics are formulated, taking 
the exact symmetry into account. 

, The principal purpose of the present paper 
is the examination of ’the theoretical concep¬ 
tions involved in the Blinc model in order to 
see if it can be established selfconsistently. 
Some results are not related to the phenom¬ 
enon of ferroelectricity, rather they give 
an insight into the nature of the hydrogen 
bonding in general. In Section 2 we formulate 
the proton motions in second quantization 
starting from a complete set of wave functions. 
In Section 3 we consider the potential energy 
in relation to the well-known models of Slater, 
Takagi and Blinc. In Section 4 we calculate 
the characteristic energies and find that these 
are in fair agreement with the laser-excited 
Raman spectra. In Section 5 we consider the 
so-called ferroelectric mode and its behaviour 
in the vicinity of the transition point. Generally 
speaking the present theory can account for 
the large isotope effect. It also suggests 
another experiment which may test the exis¬ 
tence of the ferroelectric mode. Fundamental 
distinction between the present theory and 
the Blinc model is related to the concept of a 
‘tunnelling’ motion. Using the language of 
second quantization, we never refer to any 
kind of ‘tunnelling’ so long as we speak 
about the properties of a large number of 
particles. 

2. THE PROTON MOTIONS IN SECOND 
QUANTIZATION 

In the present theory the actual motion of 
the proton is formulated in terms of a system 
having a large number of particles. The 
method we use is the method of second 
quantization which assumes a complete set 
of orthogonal wave functions. To build up 
such a set of functions we consider the crystal 
as a system composed of unit cells. Position 
of the given proton is described by the 
vector J? jp . where j denotes the unit cell and p 
labels the proton site within the unit cell 
(Fig. 2). 



434 


L, NOVAKOVld 



C - CENTRE OF THE UNIT CELL 

Fig. 2. A simple illustration of the notation used in the 
text. C is the centre of the unit cell, O.. .O is the co¬ 
ordinate X, O and . stand for the oxygen and hydrogen 
ions, respectively. 

We can write 

Rj p-rj + r p + x p (2.1) 

where 7j refers to the center of the unit cell. 
f p refers to the middle point of the OH.. .0 
bonding line, x p is the position vector of the 
proton along the OH.. .O bonding line. For 
example, 

Xp = {jc, 0,0}, p = 0,2 

i? p ={0,*,0}, p = 1,3, 


<t> a (B)p) = «(»$)»(^)<M*p). (2.4) 

where «(rj) satisfy the condition 

«(rj + m,<?i+ m 2 n 2 + m 3 a a ) » n^). (2.5) 
It is easy to show that 

u*(rj) .u(r k ) =8 Jk , (2.6) 

if we use the momentum representation in 
which u(rj) is given by 

u(r,)-N~ M 2 exp (ip-rj). (2.7) 

P 

Here N denotes the total number of unit cells, 
and p is a vector of the reciprocal lattice, 

(2 - 8 > 

where b,(s= 1,2,3 or k,y,z) denote the 
lengths of the unit cell in the space of the 
reciprocal lattice. These are related to the 
lengths a„ of the unit cell in the ordinary 
lattice by 

r a 2 xa s - a 3 x a\ a, x a 2 

(2.9) 


(see Fig. 1). The crystal lattice is invariant 
under the transformation 

$ ip —* + m,a, + m 2 a 2 + m-A (2.2) 

where m, are positive or negative integers, 
and a*! are the fundamental vectors of the 
ordinary lattice. 

Let us denote the complete set of wave 

functions with <f> a (fi JP ). where a = 0, 1_ 

refers to some allowed states at a given proton 
site. These functions satisfy the condition 

f ($Jp) < / > 0 ($/c<r)dT — dj k 6 Pcr 6 a g, (2.3) 

where dr is the volume element. Suppose 
that we can write 


v = 3| . (a., x a :i ). (2.10) 

Each i/, in equation (2.8) takes exactly N„ 
different integer values according to the rule 



where the sign of equality can only be applied 
if N, is an even number. Notice that the total 
number of units cells N = N t N 2 N 3 . Now 
using equations (2.7)-(2.11) we obtain 

«*0i) u(r k ) = 2 exp [2ir,^-^-+-^- 

+ «)], (2.,2) 
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= 2 m f a,. (2.13) 

i-i 

Equation (2.12) gives 1 if m, = ntt = /n 3 = 0, 
and 0 if at least one among m, is different 
from zero. This completes the proof of the 
orthogonality condition ( 2 . 6 ). 

Next consider the functions v{7„) and 
4i a {Xp) . The former functions can be chosen 
in such a way as to ensure that they are 
different from zero only in a close neighbour¬ 
hood around the point r p which is placed at 
the middle of every OH.. .O bonding line. 
Taking 

l»(rp)|*- 8 (r-r p ) (2.14) 

we obtain 

/ \v(Fp)\ 2 d 3 r = 1 , 

f v* (r p )v(r^)d 3 r = 0, (2.15) 

if p # <j. The functions ijj a (x) we take as 
follows: 

<l/ 0 (x) = C 0 [i|feoU)+«M*)], (2.16) 

<lhW — CibPito(x) ~ <I>lo(x)], (2.17) 

i// 2 (x) = C 2 [tl/ KJ (x) —tj/ u (x)] +Tjii//, (j:), 

(2.18) 

'hM = Qt'l'RlU)+«|'uU)]+T)ot//oU)- 

(2.19) 

Here 

«M*) = exp < 2 - 20 ) 

»faoM = (^) expj~f(*+|) j, ( 2 . 21 ) 

exp ( 2 . 22 ) 

fcW-V2(|)"‘ V2{ (.,+§) 

expl-fli+f)*]. (2.23) 


where f is defined by 


> _ 

s 2h ‘ 

r i 

(2.24) 

m is the mass of the particle, «u ctass is the 
characteristic angular frequency of a classical 
oscillator, h is the Planck constant divided 
by 2 tt. The coefficients C a , tj# and tj, are 
determined from the condition of ortho¬ 
normality: 

<K?(x)'Mx)dx= = «aB- 

(2.25) 

The result is 


c,,-^[ ,± .x P (-a)r’, 

(2.26) 

where + and — correspond to C 0 and C, 
respectively. Also we have 

C, "^[ 1 + (t, - 1 )CXP (“ 2 ) 


“j “1/2 

+ 2 t} exp (— t?) J , 

(2.27) 

tj, = 2V v exp 

(2.28) 

Cs = >75 [ 1 — — 1 ) eXf, (~ 2 ) 


l-i/i 

+ 2t? exp (- 17 ) 1 , 

(2.29) 

Vo = - 2 Vi 7 exp |)c 3 , 

(2.30) 


(2.31) 

where a denotes the distance separating the 


two equilibrium positions of the proton. 

The energy of the system contains the 
kinetic energy of the protons and the potential 
energy due to the presence of heavy ions. If 
no external field is applied the energy function 
can be written 

tf = W-^A JP + t/(* JP )) 

JP ' ' 


(2.32) 
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where 


d 1 


*jp' 


a l , a* 


0) 


+ S7- < 2 - 33 > 


h.*')-£+:<*)(-££-v,^*) 


> p a ,(x)dx, (2.39) 


Jtp, yp, jcp are the components of the vector 
x p . The potential energy is assumed to have 
the form 

5) U(Rip) = — t/fl+ S A t n,+ 2 Bu n < n i 

jp f «/> 

+ 2 c i)k n > n j n k + £ D m n t n,n k ni. (2.34) 

((/*) <i /*0 

Here — f/„ denotes the total binding energy. 
A,, Z? u ,. .. are various coupling constants, 
every suffix should be understood as a twofold 
notation, the quantities n h n h .. . may take 
only two values, n, = 0,1. The symbols 
<(/'), ({jk ), are used to indicate that every 
term is counted only once. The coupling 
constants are restricted by certain conditions 
which we shall introduce later. 

Using the method of second quantization 
we can write the total wave function in the 
form 

H V = S d>*(Kjp)aj„ a 

JPa JPa 

(2.35) 

where <f> a {R jp ) are defined by equation (2.4), 
and the creation a J( !, a and annihilation operators 
a jpa satisfy the commutation relation 

[a, jp a , ajp 0 *]+ 8 aa ». (2.36) 

It is easily seen that 

*ila*jp a = 0 or 1, (2.37) 

which reflects the fact that only one proton at 
a given lattice site (jjt) can be observed in 
any of the four allowed states (a = 0,1,2,3). 
Using the above formulas the energy function 
becomes 

H— 2 o>(a><x‘)*jpApa' (2.38) 

ipaa’ 


where A lp = A , %> « n in the above integral. 
The energy function in second quantization 
contains only the single particle terms. 


3. THE POTENTIAL ENERGY 
Next consider the potential energy of 
various proton configurations associated with 
the central phosphate group. To do this we 
introduce the symmetric variable cr j by 

= i(l — ctj) , (3.1) 

where j labels the proton sites. If n> takes the 
values 0.1 then a takes the values 1 , — 1 re¬ 
spectively. Moreover, the potential energy 
must be a symmetric function with respect to 
exchange cr, -* —cr t . Therefore we have 

2 =-U 0 + 2 -VryTk + ATcr,0-20-30-4, 


IP (jk) 

(3.2) 

■f 12 = J23 ~ J 34 ~ Jill 

(3.3) 

J13 = J'U, 

(3.4) 

where; and k denote the proton sites in Fig. 1. 
On the other hand, the potential energy may 
also be given by equation (2.34), hence we 
may have 

Aj = A, j = 1 , 2 ,3,4 

(3.5) 

B n — B 23 = B 34 = B 4] , 

(3.6) 

= B 24 , 

(3.7) 

Qk( = C, Dijhi = D. 

(3.8) 


The energy levels associated with various 
configurations are given in Table 1. The 
protons attached to the phosphate group are 
marked by cr, = + (‘right’ position), those 
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Table 1. Energy levels of the phosphate group 




Number of 


- 

Dipole 



Protons 


Energy compared 

moment 

Configuration 

attached to 

Energy compared to 

to the first two 11 

in units 

<T] (Tj (7g 

04 

PO, 

the ground state 

configurations 

oln 

- + - 

+ 

2 



2 

+ - + 


2 

-47 ia + 2V,j+K 

0 

-2 

+ + - 

— 





+ - - 

+ 

2 

— 27,j+ K 

e 

0 

- + + 

— 




- - + 

+ 





± ~ ~~ 





-! 

— + - 

— — + 

— 

1 

- K 


i 


+ 



w 

i 

- + + 

+ 




i 

+ - + 

+ 




-1 

+ + - 

+ 




i 

+ + + 

— 




—1 

— 

- 

0 

4i,2 + 27,j+ K 

w 

0 

+ + + 

+ 

4 


0 


away from the phosphate group are marked 
by cr, =— (‘left’ position). Comparing the 
third and fourth columns we obtain 


e — 47 12 47 l3 , (3.9) 

h- = 47 12 - 27 ia -2K, (3.10) 

; w, = 87,2- (3.11) 

Here the energy parameters e, w and *v, 

characterize the configurations as compared 
to the configuration observed by neutron 
diffraction, o', = cr, = —; <r 2 = cr 4 = +. 

The various energy levels are related to 
the various models, and this is illustrated in 
Fig. 3. Here we bring the well-known and 
best studied models in the current literature 
which deal with ferroelectricity in crystals 
having the structure of KDP. These are the 
Slater model (where w = w, = »), the Takagi 
model (where only w t -» =»), and the Blinc 
model. 

The dipole moment in units of p (p is the 
magnitude of the dipole moment of a [K + 



Fig. 3. The various energy levels of the phosphate group 
in relation to the models due to S!ater[i], Takagi(2] and 
Blinc [3]; • denotes the proton site close to P0 4 , O the 
proton site away from PO,. 


— (H 2 P0 4 )*] complex) for various proton 
configurations is listed in the last column in 
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Table 1. Following the original Slater theory 
of the phase transition we associate the dipole 
moments to the four proton positions around 
the central phosphate group as follows: 
Mi ~ Ms ~ ~m/2. M 2 = M< = m/2- The total 
dipole moment is then given in the last 
column. In the original Slater model the crystal 
has only two states, one is the perfectly 
ordered state in which all dipoles point in 
the same direction (± 2 -axis), the other is 
the completely disordered state in which the 
dipoles are perpendicular to this direction. 
No intermediate states are allowed so that 
the ordered state has the maximum possible 
dipole moment and polarization, while the 
disordered state has no net polarization. 

Using the Slater model we can compute 
the transition temperature. Let us assume that 
there are N phosphate groups and 2N 
hydrogens in the crystal. The perfectly 
disordered state (dip. moment 0 ) is distin¬ 
guished from the perfectly ordered state 
(dip. moment ± 2 fi) by the energy c. 

The probability that all N phosphate 
groups occupy the energy e is given by 

P(B) — 2 exp (—/3/e), (3.12) 

j-i 

where )3 = ( kT)~\ k is the Boltzmann con¬ 
stant, T is the absolute temperature. Now we 
may define the transition temperature as the 
temperature at which the probability of all 
dipoles being perpendicular to the direction 
a 3 is equal to one, i.e. 

P(fie) = L (3.13) 

where/3 C = ( kTc)'\ Tc denotes the transition 
temperature. If we extend the sum (3.12) 
over N -* »then we recover the Slater result 

e ~ kT c . In 2 . (3.14) 

The Slater model cannot explain satis¬ 
factorily the large isotope effect which is 
manifested in deuterated compounds. Since 
upon deuteralion the transition temperature 


is almost doubled, the energy 6 should then 
also be almost doubled. However, this is 
unacceptable because the energies e, w and 
w, come from an expansion of the potential 
energy and must not therefore depend on the 
mass of the proton. 

It is possible to relate the energy parameters 
A, B n , B 13 , C, and D to the energies e, w and 
w,. Using the data in Table 1 and the trans¬ 
formation n } = (1 — o-j) /2 we obtain 

A = — w, + tv, B n — w, —2w+e 

(3.15) 

B\ 3 = B \2 r• C = w l + 4w 2e, D— 2(7. 

The above energy parameters are associated 
with an expansion of the potential energy of 
the system of protons. So far as we consider 
a single phosphate group, the energies e, w 
and Wi are independent from each other, 
but when we look at the crystal as a whole, 
this may not be so. To find a possible relation¬ 
ship between these energies we require that 
the zeroth order term (— U„) is the expan¬ 
sions (2.34) and (3.2) be invariant under the 
transformation n s = (1 —0-^/2. Indeed, setting 
up o-j -* 0 and rij -* i in equations (2.34) 
and (3.2), we obtain 

[s £/(^)] ffr o = -U 0 , (3.16a) 

^2 ^(^jp)jy-1 =— u 0 + ( a + b 12 


i ®13 


R\ 

+ ~2" 

+ 2 + 

16/ 


where N denotes the total number of phos¬ 
phate groups. Equations (3.16a,b) should 
be equal, hence the second term in equation 
(3.16b) must vanish. If we insert here the 
values from equation (3.15) we obtain the 
following condition: 

H', = 4w—2e. (3.17) 

This is a remarkable result which shows that 
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the energies of the proton configurations as 
classified in Table 1 are not mutually indepen¬ 
dent. 

Using the above relation we can re-evaluate 
the various energy parameters appearing in 
the expansions (2.34) and (3.2). The result is 

A = —3w + 2c, B i2 — 2w — e, B n — B 12 — e, 

C - D - K - 0. J a - 

(3-18) 

Suppose now that the system has achieved 
a thermal equilibrium which can be charac¬ 
terized by an average value of the variable 
a-j, say (cr + ) if o-j > 0, and (o-_) = — (o- + ). In 
this case a single proton (e.g. j= 1 in Fig. 1) 
has the following potential energy with regard 
to the phosphate group 

l/i= (2J a -J ia K<r+)<r, (3.19) 

(the constant term U 0 is omitted). When this 
proton jumps from one phosphate group to 
the other its potential energy changes by 

MJ l =U i (<r l = +)-V l ( cr,=-). (3.20) 


<n>=i(l-<cr + ». (3.23) 

By equation (3.18) 

A Ut=Ui(n t = 0) — U t (n, - 1) (3.24) 

gives equations (3.21a, b). 

Equations (3.21a, b) are very fundamental 
relations in the present theory. As we know, 
any change of the potential energy, if no 
external forces act on the system, must be 
equal to the change of the kinetic energy. We 
shall see later that this condition is sufficient 
to explain a large isotope effect on the 
magnitude of the transition temperature. 

4. THE CHARACTERISTIC ENERGIES 
Write the Hamiltonian (2.38) in the form 

H = H 0 + H 1 (4.1) 

H 0 = 2 0) a^}pa a )pa’’ (4.2) 

iPa 

0> a = a >(a,a), (4.3) 

Wi= S w(a.a')a/p 0 a iPa >, (4.4) 

jpa*a' 

where the matrix element cn(a,a') is given by 
equation (2.39). We write 


Using equations (3.18) and (3.19) we obtain 
the following change of the potential energy 


<i)(a,a') = fl(a,a') + An(a,a'), (4.5) 


AU, = (4 y, 


•. — 2J 13 )((t + ) = w(<r + ), (3.21a) n(a ’ Q,) n(a '’ a) “ 2m /_„ 


where the thermal average is defined by a self- 
consistent equation 


( 4. 6) 


(o- ; - Trar 1 exp(—jSI/,) ^/3AU, n(a,a’) = n(a',a) = (x)n^(x. 


1 7>exp(-/3U,) 2 


m 


(3.21b) Using the wave functions (2.16)-(2.19), we 
obtain 

Equations (3.21a, b) could have been obtained 

if we started from n/n nx _ A(o c i*u ^ J, 


U, =An l + [2B n (n) + fl, 3 (l — </!>)]«,. (3.22) 


12(0,0) = ^^Co 2 [l - (r,- l)exp (-3)], 
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(1(1,1) =^ tfia C 1 *[l + ( 7 )-l)exp(-f)], 

(4.9) 


n(o,i) =no,3) = ft(o,2) =a(2,3) = 0 , 




(4.10) 

(1(1,2) = ij, ( 1 ( 1 , 1 ), 


(4.11) 

(1(0,3) =V1(0,0), 


(4.12) 

(1(2,2) =|y« t . flass C 2 2 

1 - 

- (1 -2y + hy 2 ) 

exp(-|) 

+ y, 2 fl(U ), (4.13) 

(1(3,3) =!Aa.„„C a * 

1 + (1 — 2 rj + hy l ) 

exp (~l) 

+t)„ 2 (1(0,0). (4.14) 


Let us define 

/ I'/'koMI z ndx = j \t)j IM (x)\ 2 ndx=l, (4.15) 
J \l)* ti {x)n\fi Lu (x)dx - 0 , ix,v = 0 , 1 , (4.16) 

J I'I'hi (•*) \ 2 ndx — J |<fr M (x) \ 2 ndx = 0, (4.17) 

where the above integrals are extended from 
—oo to «. Using these integrals the matrix 
elements (4.7) become 

/»(0,1) = »(1,3) = n(0,2) = n(2,3) =0, 


(4.18) 

n(0,0) = 2C 0 2 , (4.19) 

/i(l,l) = 2C, 1 , (4.20) 

«(1»2) = 2C,tj,, (4.21) 

n(0,3) = 2C 0 y 0 , (4.22) 

n( 2,2) = 2C] 2 tj, 2 , (4.23) 

/f (3,3) = 2C 0 V, (4.24) 


where the coefficients C a , y 0 and 77 , are 
given in Section 2. 

We can estimate the order of magnitude 
of these matrix elements. Taking the value 
Aw dkSS = 2000 cm -1 (= 250 meV) for KDP(p) 
and the value a sc 0-40 A as derived from the 
measurement of Bacon and Peasefl] we 


obtain y - 5-34. We shall assume in the 
present analysis that the value of y does not 
depend on the mass of the particle. The 
nonvanishing matrix elements are listed in 
Table 2. The first four columns of this table 
give the diagonal elements, and the effect 
coming from the off-diagonal elements is 
given in the last two columns. The energy 
differences as predicted by the present method 
are given in Table 3. Here we take n(0,0) = 
n(l,I) = L and all the remainingn(a,a') = 0 . 

There has been so far only one experiment 
on the vibrational spectrum of KDP in the fre¬ 
quency region which is analyzed in the present 
work. By measuring the laser-excited Raman 
spectra, Kaminow et «/.[ 15] were able to 
locate three strong proton lines in KDP(p) 
at the frequencies 2705, 2360 and 1790 
(cm 1 ), and also the deuteron lines in KDP(d) 
at the frequencies 1990, 1770 and 1370 
(cm 1 ). It can be observed that these fre¬ 
quencies are in agreement with the calcula¬ 
tions in Table 3 and Fig. 4. 

Next we shall briefly discuss the isotope 
effect. In a system having a large number of 
protons there must be established a state of 
equilibrium in which a change of potential 
energy is equal to the change of kinetic 
energy, i.e. 

At/, = A£ kln (4.25) 

Table 2. The matrix elements (l(a,a')(in 

terms ofhio, .] as ,j and n(a,a') are calculated 
using the value y = 5-34 

0(0.0) 0(1,1) 0(2,2) 0(3.3) 0(1,2) 0(0,3) 


0163 
*(0.0) 
0-935 

0-350 0-573 1 -001 0-069 - 0-043 

n(l.l) n(2,2) n(3.3) *(1,2) *(0,3) 

1075 0-041 0-065 0-288 - 0-362 

Table 3. The energy differences as predicted 
by the present method using n( 0 , 0 ) = n(l,l) 
= 1 . and the remaining n(a,at') = 0 

Units cm 

^claia ) ii) j O) 0 (<*3 ^2 

KDP(p) 

K01P(</) 

2000 1000 374 1446 856 

1400 1000 261 1312 599 
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Fig. 4. The characteristic energies in units cm -1 cal¬ 
culated for KDP(/7)[a] and KDP(rf)[b]. The measured 
laser-excited Raman spectra as quoted by Kaminov. 
el u/.| 15] are given in brackets. 


where AL\ is given by equation (3.21a). 
To calculate A£ kln we assume that the proton 
makes important transitions only between the 
states with the energies w 0 and o^. Using 
equations (3.21a) and (4.25) we obtain 

a r 

A£ kln = H-th^. (4.26) 


V2th %pp^ = 1, (4.29) 

LKl C( f 

or 

' kTci = (4,30) 

Taking (at, — coo),, = 261 cm -1 (see Table 3) 
and using equation (4.30) we obtain r e(J = 
215°K. This agrees fairly well with experiment. 

It should be emphasized that the Hamil¬ 
tonian Hi given by equation (4.4) may 

produce slight changes in the energy differ¬ 
ences (o a — a) a '. These changes are closely 
related to the lifetimes of the characteristic 
states and are the subject in one of the 
following papers. 

5. THE FERROELECTRIC MODE 

In the present section we shall consider 
small fluctuations around the well defined 
energy differences oi a — o) a ,. In particular, we 
shall be concerned with the energy difference 
w, — (o 0 which is important for a dynamical 
behaviour of the system of protons as tem¬ 
perature approaches the point T c . Taking 
the term di„a/„a M , a = 0 , 1 , from the second 
quantization and assuming that all cr/s appear¬ 
ing in the potential energy are dynamical 
variables, we can write 


We may define the transition temperature by 

A£ k ln = w l ~ 0) 0i 

hence 

co,-cu 0 = vvth 5 ^ 2 . (4.27) 

The isotope effect is most clearly manifested 
in increasing the transition temperature upon 
deuteration. If we take 

(wj -&>„)„ = w (4.28a) 

(<i)i — (D 0 ) p >kTcp, (4.28b) 

Equation (4.27) leads to 


H = 2 (« 1 -w 0 )ov rj + V Jik<r tl a lk , (5.1) 

i on 

<r I} = l-2bX (5.2) 

= b/ + bj, (5.3) 

where the operators b/ and bj create and 

annihilate a fluctuation at the lattice site j. 
The representation (5. 1 )—(5.3) has a physical 
meaning so long as the thermal average 
(b/bj> is small compared to one. In this case 
we speak in terms of a set of boson operators 
satisfying the commutation relation 

[bj,b*] = bye- (5.4) 

Note that for the sake of simplicity we 
assume one proton per unit cells. The energy 
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parameters J ik are those of Section 2. It is 
useful to make a transfer from the coordinate 
representation to the momentum representa¬ 
tion; therefore, we introduce a Fourier 
transform 


bp = 2 ex P (~ ip ■ 

) 


bp = N~ m 2exp (ip . r])bj, 

} 

(5.5) 

where 


[b p ,b*>'] 

(5.6) 

N is the total number of unit cells and p is 
defined by equation (2.8). Clearly we have 

b] = N~ m 2 exp {ip . r])bp 

P 


by = N~ ltl 2exp (-ip . rj)bp*. 

(5.7) 


V 


Next we study the dynamical behaviour of 
the system of protons at the temperature 
T = T c . Introduce the following unitary trans¬ 
formation 


where T -* T c . At the transition point we 
have (v t ) = 0 leading to 

H SCF (T = T c ) =fc>,-a> 0 , (5.11) 

and this agrees with equation (4.27). 

Using equations (5.2), (5.3) and (5.8) we 
obtain the transformation 

cr xi —> (1 — 2 b] bj) sin (f>+ (b]+ bj) cos (j> 

(5.12) 

<f» 2j -* (1 - 2 b] bj) cos <f>- (b]+bj) sin <f>. 

With the help of equations (5.12) the Hamil¬ 
tonian (5.1) becomes 

H = N{u) 1 — co 0 ) — 2w cos 2 <f>2 bpbp 

P 

+ 2 W (P) ( 2 bjb p + b_^b^+ bjbip), (5.13) 

P 

w{p) = 2[J 12 (p)~J ]3 (p)+J u (p)] sin 2 0, 

(5.14) 

Jikip) =^ k exp [ip(rj-nc)], (5.15) 


a x -* cos <t>a x , -I- sin <f>ov 

(5.8) 

a z —* — sin 4>a X f + cos <f>oy 

at every lattice site. Here 4> denotes the angle 
enclosed by the axis ( z,z ') and is independent 
of the lattice sites. The present method 

should be understood in the sense of the 
limit sin <j> -* 1, cos —>■ 0. This angle can 
be determined by a self-consistent equation 

H scr sin <f> — w, — tu 0 (5.9a) 
Hscf cos <f> = w(a 2 ) (5.9b) 

w— 4y I2 -27 13 , (5.9c) 

where // SC f denotes the magnitude of the self- 
consistent field. This quantity is determined 
by 

tf 8 C F= = ’♦'th^TF, (5.10) 


where we subtracted the term with p = 0 
which is the only contribution coming from 
the part 1 (w,— co„)o- xj . The first and third 
order term in the creation and annihilation 
operators are not considered since their 
contribution to the above Hamiltonian is 
proportional only to cos d>. If cos <j> —■> 0, 
then T -* T c and the system achieves a 
ground state. Thus the ground state is 
sharply defined only at the transition tempera¬ 
ture. In the present analysis the transition 
temperature may differ from the Curie 
temperature which is defined as the point 
where the dielectric susceptibility becomes 
infinite. 

If we disregard the constant term then the 
Hamiltonian (5.13) has two major terms; one 
containing tv cos 2 $ (‘unperturbed’ energy) 
and the other containing w(p) (‘perturbational’ 
energy). As cos <f> -* 0 the unperturbed energy 
becomes much smaller compared to the 
perturbation and therefore the use of ordinary 
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perturbation theory becomes utrustified. In 
order to diagonalize the above Hamiltonian 
we shall use a linear Bobolubov transforma¬ 
tion. For a many-particle system the 
Bogolubov transformation consists of the set 
of operators 


B p f = u(p)bp-v(p)b- p 

(5.16) 

B p = u(p)\^-v(p)bJi, 


[H, By] = ( x{p)v(p) -w(p)u(p))b-Tt 

+(x(p)u(p)-w(p)v(p))be (5.22b) 

x(p) — wcps*^ — w(p). (5.23) 

' 1 

Comparing equations (5.22a, b) with equations 
(5.21) we obtain the determinant 


-x(p) +e{p) 
w(p) 


w(p) 

-x(p)-e(p) 


= 0 (5.24) 


where u(p ) and v(p) are even and real func¬ 
tions of the reciprocal lattice vector p. These 
operators satisfy the commutation relation 

[B p -,Bp] = 6 ?p -., (5.17) 

where we have used the relation 

u 2 (p)-v 2 (p) = 1. (5.18) 

Clearly we have 

bp= w(p)Bp+u(p)B-, 

(5.19) 

bp= «(p)Bp+u(p)Bj5. 

Suppose that the Hamiltonian (5.13) is written 
in the form 

// = N( Wl -w 0 )-2 e(p)B^Bp. (5.20) 

V 

Now applying the operational identity 
[AB,C] = A[B,C] + [A,C]B 
we find the following equations of motion 
[tf,Bp]=-e(p)Bp 

(5.21) 

[H, Bp] = e(p) Bp. 

On the other hand, using equations (5.13) 
and (5.16) we obtain 

[H, Bp] = (~x{p)u{p) + w{p)v(p)) bp 

+(-x(p)v(p) + w(p)u(p)) b-p (5.22a) 


which has the solution 

€ 2 ($)=x*{p)-w 2 (p). (5.25) 

We shall refer to this expression as the dis¬ 
persion relation for the ferroelectric ground 
state, i.e. the relation between the frequency 
of the normal hydrogen vibrational mode and 
the momentum p (‘ferroelectric’ mode). 

For small values of \p\ this frequency 
behaves like 

e 2 (p)=-e c 2 + Qp\ (5.26) 

where lim e c -» 0 as T -* T c . Indeed, we 
expand every function J jk (p) around the 
point p = 0, by writing 

exp [ip. (r]-rX)] = 1 ~ i P 2 \rj — r* k \ 2 cos 2 y jk , 

(5.27) 

y, k = angle (p,rj~r k ). (5.28) 

There follows the equation 

w (p) = w sin 2 <f> — (J ,, cos 2 y , 2 -/ )3 cos 2 y 13 
+J M co$ 2 y u )d 2 sin 2 <j >. p 2 + ■ • ■ (5.29) 

where d = |rj —i*| is of the order of 4-5 A for 
the crystal under investigation. Now using 
equations (5.27)—(5.29) we obtain equation 
(5.26) where 

€ c 2 = w 2 cos 2 (2 3 cos 2 d>), (5.30) 
Q = 2wcos 2 <f> sin 2 <}> (J li cos 2 y li —J l3 cos 2 y i2 
+J 14 cos 2 y l4 )d 2 . (5.31) 





444 


L. NOVAKOVld 


This completes the formulation of the 
ferroelectric mode. Notice that e(p) was 
found to behave like[16,17] 

e 2 (p) - P\T-T c \ + Qp* (5.32) 

with Q being the temperature independent 
parameter. According to our equations (5.26)- 
(5.31) this mode should vanish completely 
at T = T c . It is possible to reproduce the 
term P\T— T c \ from our equation (5.26) 
and (5.30) if cos 2 <j> is assumed to behave 
like cos 2 <£ ~ \T-T r \ so that cos<f>-»0 
when T -+ T c . But even in this case the 
coefficient Q is temperature dependent, 
following the behaviour Q ~ | T — T r \. 

Using equations (5.9a) and (5.10) we can 
expand W S(T just below the transition point 
T r . The result is 

A/ S cf= (oj, — coo)(I +A|7’—7V| + - • •), (5.33) 

where the expansion coefficient A is given by 
the first derivative 


A = (w,-w„) 


\ -1 dH so- 

- I 1 - 


dT 


(5.34) 


h'(1-z 2 ) 


7V[2*7V-h»(I-**)] 


_ «<l~Wo 

w 


(5.35) 


It can be seen that z is always smaller than 1 
and that A is always positive at the point of 
the phase transition. Next we expand the 
functions sin <f> and cos <f> in the neighbourhood 
of T = T c . The result is 

1-A|7-7V|, T<T C , 
sin<£ = (5.36) 

1,T> TV, 


for the ferroelectric mode. For small values of 
p the frequency e ip) can be written 

e(p)-/€ c + VQp (5,38) 

where e c is a small imaginary part. Using equa¬ 
tions (5.30), (5.31), (5.36), and (5.37) we 
obtain 


2m>\/a| 7'— 7~ c J 1/z , T < T c , 
e c = (5.39) 

o, r > r e , 

2 V , AM>|r-r ( .| 1 «d(y 12 cos 2 y I2 
-7,:, cos 2 y t3 +7 U cos 2 Yu) 1/2 , T < T r , 
VQ = (5.40) 

0, T > T c . 

If p — 0, the the frequency e ( p) is purely 
imaginary and e c is identical with the 
damping constant. If p - p m „ = ejVQ then 
the mode can be observed at temperatures 
close to TV. 

6 . DISCUSSION AND CONCLUDING REMARKS 
There are several points at which the 
present theory can be tested by experiment 
apart from the characteristic energies already 
compared to the laser-excited Raman spectra. 

(i) The arrangement of the four hydrogen 
atoms around the central phosphate group 
indicates a coupling between the two sub¬ 
lattices (Fig. 1), one containing the protons 
H 1 and H 3. the other containing H2 and TT4. 
This coupling is most manifestly seen in the 
terms ^exp (— 17 / 2 ), equations (3.8)—(3.14). 
It is natural to assume that these terms 
depend only on the lattice constants but not 
on the mass of the proton. Therefore, we 
assume that tj has the same value for both 
crystals. This can be tested by measuring a 
neutron diffraction on KD 2 P0 4 . The relation 


cos* <f> — 


2A|T—7V|, 
0, T > T c . 


T< TV, 


(5.37) 


gives 


r|(OD. ,0)=77(OH..O) 


a( OH. . .O) _ / m d \ 1/4 
fl(OD...O) Up/ 


(6.1) 


It is possible to obtain a similar expansion 


H9, (6.2) 



QUANTUM THEORY OF FERROELECTR1CITY -1 


445 


where m Pid is the mass of the proton 
(deuteron). If we take a(OH.. .O) =* 0-40 A 
at low temperatures then we should expect 
a(OD. . .O) - 0 33 A. 

(ii) The present method can explain satis¬ 
factorily the isotope effect concerning the 
transition temperature. There is another 
problem closely related to the mass, namely 
the saturation value of the spontaneous 
polarization P, at low temperatures. It is 
likely that P e at T < T c depends on the 
thermal average (<r z ) so that P, vanishes at 
T c and has a maximum at 0°K. Using equations 
(5.9a-c) we obtain the following values atO°K 

ffscF = w, (6.3a) 

sin <t> - th (6.3b) 

(cr z ) = cos <{>. (6.3c) 

Numerical calculations are given in Table 4. 
It may be observed from the third column of 
this table that the degree of saturation is 
approximately 30 per cent for KDP(p) and 
approximately 70% for KDP(J). It is 
interesting to note that the maximum value 
for T c is obtained in the limiting case oj, —> ou 0 ; 
there follows from equation (5.10) 

kT c0 - f (6.4) 

(^z)maK 1* (6.5) 

(iii) The ferroelectric mode can be observed 
by measuring an inelastic scattering of 
neutrons. The minimum energy required for 
the reaction 


Table 4. The values of sin <f> and 
(<j z ) at the absolute zero using 
equations (6.3a-c) 



TA° K) 

sin <6 

(ir t ) = cos 0 

KDP (p) 

122 

0-96 

0-3 

KDP {d) 

223 

0-70 

0-7 


n + H-^n+H (6.6) 

to take place can be calculated. Here H 
denotes the proton bound by the crystal, n 
atid n' denote the neutron before and after 
the scattering. Using equation (5.26) we 
obtain the following condition for the re¬ 
ciprocal lattice vector 

€ 2 (p) > 0 ( 6 . 7 ) 

P > Pmln = ^Tq = 

V tr/2 V2 — 3 cos 2 <$> 

c/[7, 2 cos 2 y, 2 — 7 13 cos i! y 13 +y 14 cos*-y, 4 ] ,/ 2 sin 0 ' 

( 6 . 8 ) 


Now the wavelength of the neutron is given 
by A = 2 nr Ip so that the maximum value in 
the neighbourhood of T c 



(6.9) 


The minimum energy required according 
to equation ( 6 . 8 ) is given by 

= lmeV ’ ( 6 . 10 ) 


where m n denotes the mass of the neutron. 
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SINGULARITIES IN THIi AUGER EMISSION 
SPECTRUM OF METALS 

M. NATTA and P. JOYES 

Faculte des Sciences, Laboratoire de Physique des Sobdes.t 9I-Orsay, France 
{Received 9 July 1969) 

Abstract - As for X-ray transitions, the Fermi statistic can play an important part in the Auger electron 
emission. This effect should be seen in the neighbourhood of the upper emission edge. We extend the 
Nozieres and De Dominicis model to the Auger effect. The Auger spectrum shows similar singularities; 
however, the two most probable cases are: a zero upper threshold with either a zero or an infinite 
derivative. Some experiments are briefly discussed in the last part of this paper. 


' R6sum4 — Comme pour les transitions optiques la statistique de Fermi peut jouer un role important 
dans remission des electrons Auger. Cet effet doit etre visible au voisinage du seuil d’emission 
superieur. Nous etcndons le modele de Nozieres et De Dominicis a 1'effet Auger. Le spectre Auger 
presente des singularity semblables; cependant les deux cas les plus probables sont ceux d'un seuil 
superieur nul avec une derivee soit infinie, soit nulle. Nous discutons enfin les quelques experiences 
existantcs. 


1. INTRODUCTION 

The current calculations [ 1,4] on the Auger 
emission in metals neglect the dynamical 
effects consecutive to the sudden switch of 
the potential associated to the deep hole. The 
problem is similar to the X-ray emission in 
metals [5-8]: the conduction electrons not 
directly involved in the Auger transition screen 
the potential V. This dynamical screening 
effect has several consequences [11] that we 
shall not repeat here. Nozieres and De Domin¬ 
icis [10] have given an exact solution of that 
problem in the neighbourhood of the X-ray 
edge for a separable potential V. For the 
Auger effect the form of the singularity is 
governed by two opposite factors: on one 
hand two electrons near the Fermi level 
(instead of one for the X-ray case) are now 
involved in the transition, and on the other 
hand the convolutive product of the density 
of state by itself starts with a zero value at the 
edge of the emission spectrum. 


2. CALCULATION OF THE AUGER EMISSION NEAR 
THE UPPER EDGE 

(1) Response function associated to the A uger 
effect 

Most of the notations used in this paper are 
taken from the Nozieres and De Dominicis 
paper. Let us first recall their simplified model 
[8,9,10]: 

The conduction electrons are assumed to be 
free, with energy e k and creation operators 
at . Let u be the Fermi level. Coulomb 
interaction between conduction electrons 
is neglected. 

The processes participating to the studied 
emission band are assumed to involve 
only a single localized deep state |t]/ 0 > 
with energy E 0 and creation operator hf 

The presence of the hole gives rise to a 
scalar potential V(r). This appears in the 
following Hamiltonian: 

H = 

k Jt a ^ / 'kk'O^O k . <r b^ 
0 ) 


tAssociated laboratory to the C.N.R.S. 
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The originality of the Auger emission is that 
it involves two electrons of the conduction 
band (Fig. 1): one electron filling the hole and 
the other being ejected. This is stated in the 
interaction potential H A : 

H a = 

I a+ a b-\a kl} a kl(r W(K, k,, k 2 ) + c.c. ( 2 ) 

ki.kt A 

We remark that if this term is obviously 
essential for the Auger transition it has been 
neglected in the Hamiltonian H\ in that sense 
the ejected electron |K > is the equivalent of , 
the electromagnetic field for the X-ray radia- 
tion.fFor the estimation of W( K, k„ k 2 ) we 
shall suppose that the localized state is an S 
state with wavefunction i|/„(r) ~ 
and the interaction is of Coulomb type screen¬ 
ed by a dielectric constant t(q, <o)[3,4J: 


IF(K. k„ k 2 ) = 32e 2 (^ 


1 


K*-k*\ 

K-ko.- ^ i ) 



(k - k, -k.l-’ + u-^ 2 O) 


spin f of the localized state will disappear: 
the ejected electron can then be polarized in 
the opposite direction to the localized spin. 

In the Born approximation the emission 
probability of an electron at energy e Ao = 
K-J2 is twice the real part of the Fourier trans¬ 
form for the frequency u> = of the correla¬ 
tion function: 


fl is the volume. 

The total spin is not affected by this poten¬ 
tial. W is not symmetrical with regard to the 
interchange of k, and k 2 ; however, if the energy 
E 0 of the localized state is low enough, then 
for transition where the energy is conserved, 
W becomes independent of k, and k 2 4 It is 
then an S potential. 


W = 32e 2 



1/2 j 

K 7 ' 


(4) 


S r U-t’) = 

Gi 

£ IT*(K, k„ k,)fF(K, k 3 , k 4 )(0| T{b(t)aUt) 

k\k*k.ik* 

I A' I — Ao,rr 

(5) 

In this expression | 0 ) represents the ground 
state of the electrons perturbated by the hole. 
By writing equation (5) we have neglected the 
scattering of the electron |K> by the hole, 
essentially stating that: 


In this case the summation in (2) being on 
k, and k 2 the terms with spin a parallel to the 


tin that case the coupling to the X-ray field is described 

by the perturbation: 

H X =^W a + k be^' + c.c. 

tThis conclusion holds even if i ji 0 is not an S function. 


We could also calculate the absorption spec¬ 
trum; the state jO) would represent then an 
unperturbated Fermi sea; however, the pres¬ 
ent experiments are made in emission. So we 
shall only discuss the emission case. We must 
calculate the function: 
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F fi r.kM^A 1 1 ) ~ 

(6) 

Let us recall the Green functions defined by 
Nozieres etal. T8,9, 101: 

£(f-/') = <0|r{M/)6 + (n}|0> (7) 

describes the hole propagation, 

G kk ,Jt-t') = <0|n^(/K, w (/')}!0) (8) 

is associated to the free electrons. 

To the extent that we describe the propaga¬ 
tion of the electrons by the function (8) the 
remaining interaction in (1) is: 

H^-SV^ala^b, (9) 

this potential is only effective when the hole 
is full, therefore for i > t'. 

The function F ]<TkM , ki (t -1') is given by the 
set of contributions of the graphs shown on 
Fig. 2. Following the procedure of Nozieres 
and De Dominicis we can abstract the hole 
propagation lines --<— whose contribution 
is only afactorexp(—/£„(/ —t')). 

We have then a one particule potential. 
The simplification of a typical graph is shown 
on Fig. 3- 

The total contribution to F is the product 
of two contributions: 

The contribution of the unlinked diagrams 
which gives g(t — t') as the exponential 
of the contribution C{t — t') of connected 
loops. 



Fig. 2. The correlation function F, — t') 

— < — g 

—> G*ic'. 



Fig. 3. Reduction to a one body potential problem. 

The contribution of the linked diagram which 
is the product of the contribution of each 
set of connected diagram taken alone. 
Moreover there are two possible choices 
of the extremities. This can be written 
with Nozieres and De Dominicis 
notations. 

~ ( 10 ) 

This gives the quantity (with straightforward 
notations): 

S f Jt) = W*( K, 1, 2)W{K, 4, 3) 

a. 1234 
IA'l=Ao 

{ L l4 U )L2 'aU ) (II) 

The formula (11) is exact, the real part of its 
Fourier transform gives the electron emission 
probability per unit time at energy o>. 

(2) What are the conditions for the usual 
calculation to remain correct? 

If the scattering of conduction electron on 
the hole is neglected and W{K,k\,kf) is 

supposed to be a constant, then the function 
S£(f) can be written: 

2 e' <e - +6 « )( n 2 ) 

l*h*. 
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v(E) being the density of state of the conduc¬ 
tion band, the emission probability is then: 

= (tlK/nW 2 ! d£ 2 

i/(E,)v(E 2 )8(<j) + E 0 ~ E, — E 2 ) (13) 

This is the usual convolutive product. We 
must remark that whatever the density of 
state is, this product (13) is always zero at the 
edge and starts with a non zero finite deriva¬ 
tive. 

The result (13) will be a good approxima¬ 
tion if the potential H t does not disturb too 
much the electron motion during a long enough 
time: let us say By a Fourier transform 
this implies that the changes in frequency 
must be less than to perturb the electron 
propagation in the characteristic time 
because of the Pauli principle only the near by 
the Fermi level electrons will be perturbated. 
We can then think that the usual calculation is 
valid far enough (~ £,,) below the emission 
edge. 


Since the calculation in §3 is limited to the 
singularity which only involves the values of 
the function at the Fermi level, the approxima¬ 
tions on u,(e) and W are not essential. Nozieres 
and De Dominicis have shown that with the 
form (14) the orbital momentum and the spin 
are preserved along each propagation line of 
the graph, so that each quantum number 
(l, m. a) is an independent channel. For the 
calculation of L kk . because of particular 5 
behaviour of W we have only to deal with the 
(/ = 0) orbital number. We shall not repeat 
their calculation [10]. 

Using the X-ray result it follows that: 

S p (f) = - FF 2 (X)6K/)^(^„0—— 21(2!+ 1) 

w r 7T / 

g2 

ZL p-HEo+DI+tM (16) 

n 2 

Setting e — co+ E a + A — 2p. the real part of the 
Fourier transform gives the behaviour of the 
spectrum near the edge. 


(3) Shape of the emission edge 
The edge singularity is governed by the 
behaviour of V klt . and W(K, k, k') for (A, k' ~ 
k F ). The calculations are greatly simplified if 
we take as Nozieres and De Dominicis, a 
separable form for V kk ,: 


S F (e) »(-t)* 1 " - 2S (2/ + 1 )^ - 1 


(1 —a)!\ e/ 


where :t 


4S„ 8* 

a = — 22(2/+lK 

7T I TT 1 


(17) 

(18) 


V* --V,ut*M*v)£Y , m(k)yZ(k'). (14) 

In addition «,(€*.) is a cut off function more or 
less centered on the Fermi level such that 
w,(/x)=l (for instance «,(e) = exp( — \e-p\l 
(o)l 

For a large |E 0 | the potential W is mainly an 
S potential; to keep the calculation symmetri¬ 
cal we shall multiply W by u 0 (e k ,)u 0 (e k2 ). 

W{K,kM = H'(X)ii,(e kl )i/o(€ ta ). (15) 


and 5, is the / phase shift associated to the 
potential V and taken at the Fermi level. The 
formula (17) fails when e ~ £ 0 - However 
being a not well defined parameter the connec¬ 
tion between the formula (13) and (17) is not 
possible. The function (17) gives only the 
behaviour near the edge (2fi — E 0 — A). The 
phase shifts S ( obey the Friedel sum rule: 

1 ( 21 + 1)8, = (tt/2) (19) 


t£ 0 is only to be considered as a parameter whose mean¬ 
ing is to be compared to that of Noziires and De Domini- 
cisflOJ, or to the number /V, defined by Andcrson[7] or 
Friedel [II]. 


+As £ 0 is not well defined, the coefficient in (18) is not 
significant. Equations (16) and (17) only involve So in the 
first term of a because of the particular form of W. For 
other cases the result (17) can easily be extended. 
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When the hole is deep enough this gives the 
following results (Fig. 4): 

(a) the divergence cases (mainly S 0 = (irl2 )) 
are most improbable. 

(b) when only one phase shift 8 ( is non-zero 
for / ¥= 0, then the behaviour at the edge 
is proportional to: 

(_ € )l + l/2(2( + l) 

This should be the most probable behaviour: 
zero edge with a zero derivative. 

(c) with 8 0 t 6 0 , the spectrum can vanish at 
the threshold with an infinite derivative. 
This case should be observed to confirm 
the present theory. 

At last let us recall that the ejected electron 
spin is opposite to the localized electron spin. 




Fig. 4. The three possible shapes of the threshold: 

(a) 8 0 < ir/2 

(b) Sj = Si.jjSi,, Iq ^ 0 

(c) So large but < n72. 

3. DISCUSSION OF AUGER EFFECT EXPERIMENTS 
Evidence of secondary electron Auger 
emission can be shown by several methods: 
bombardment of metallic targets by pho- 
tons[12, 13], electronsf!4, 15] or ions[16]. 
Unfortunately, until now, sufficiently precise 
experiments of this type do not aim at conduc¬ 


tion electron studies. The only experiments 
with the necessary precision and variety are 
those of Hagstrum et ai [1,2,17] on the 
secondary potential emission: a low energy 
(~ 5 eV) ion beam (He + , Ne + , A + ) is directed 
on the metallic target; at a low enough dis¬ 
tance d, an Auger effect occurs: a conduction 
electron of the metal annihilates the hole of the 
incident ion while another one is ejected. 

It would be then necessary to see what 
modifications in the Hamiltonians H and H A 
are brought by this new geometry. The theory 
of surface ion neutralization approached by 
Hagstrumfl] and Heine[3] is by itself a prob¬ 
lem, which remains outside the aim of this 
article. For the present problem, it is compli¬ 
cated by the fact that the spherical symmetry 
is broken, so that it seems no more possible to 
write simple formula like (16) and (17), no more 
than it is possible to give a simple Friedel rule. 
Nevertheless we can make some remarks: 

The d dependence of the new potential H A 
shows that the study can be restricted to the 
case where the ion is close to the surface. 
Indeed if the particle is at a distance d from 
the surface, large with respect to its ionic 
radius, then IT is a sum of four terms of the 
type: 

f r f* 2 

J •/„>»J z 1 >oa 3 ri</ 3 r 2 j^"~j <f>o (r, )exp i(krr, 

+ (k 2 -K)r 2 )# y k ^ |2 <d>|k 1 ) 

So as a function of the distance W is expon¬ 
entially decreasing, the largest part of the anni¬ 
hilation is done near the surface. The ion 
velocity v, being lowt with respect to the 
Fermi speed v F , the conduction electrons 
adiabatically react with the hole. The distance 
of Auger annihilation can then be defined as 
the distance d N where this neutralization is the 
most probable. This gives rise to a velocity 
dependent shift A{< 4 (u;)} and a broadening of 
the spectrum. However, it is not possible to 

tFor an ion with 5 eV kinetic energy and mass M: 

Vilv F # (1/60 VAT). 
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make a direct connection between Md N ) and 
the shift A appearing in gU) because inter¬ 
atomic interactions were neglected in the 
Hamiltonian H. 

When the ion is on the surface, the conduc¬ 
tion electron, being more or less speculary 
reflected, see on the average the same poten¬ 
tial than in the bulk case; so we can think 
that the conclusions of the first paragraph 
qualitatively hold for the surface emission. We 
shall apply the formula (17) to Hagstrum’s 
experiments. 

Experimental data of reference [2] give 
results for different energies of incident ions 
on nickel and copper targets. There is an 
interesting point: in a range of a few elec¬ 
tron-volts under the experimental threshold 
the intensity is flattened down. Referring to 
our calculations this ‘tail of emission’ can 
correspond to the case (Section 2.3(b)) when 
the exponent of e is inferior to (—1). As we 
mentioned our model imperfectly applies to 
the surface emission, however by means of the 
quantity A(</, v ) it seems possible to explain the 
shift of the tail.t 


A simple argument done on A which predicts that the 
renormalized energy of the hole decreases when d s 
decreased (that is to say the speed increases) gives the 
good variation sign. 
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Abstract-Measurements of diffuse reflexion, absorption, emission and excitation spectra have been 
made on powders and single crystals of Hg 2 CI 2 . The diffuse reflexion and absorption measurements 
give an absorption edge at 3-5 eV at room temperature and 3-8 eV at 10°K. The fluorescence spectrum 
consists of four bands at 1-5, 2-2, 2-5 and 3-1 eV with half-widths of 0-2-0 .3 eV at 10°K. The excitation 
spectra have different peaks for the different emissions but also one common excitation region for all 
emissions (shifted 0-1 eV for one of them). The common region consists of at least three partly over¬ 
lapping peaks. No dark or photo conductivity was detected. The semiconductor model is rejected and 
a model which emphasizes the molecular crystal character of Hg 2 CI 2 is suggested. The Seitz-Mott 
model for the quenching of luminescence is used also to explain the more complicated temperature 
dependence of the emission intensity. The emissions are believed to be due to energy transfer without 
mobile electrons and holes after absorption by the host lattice (or a sensitizer) to centres ol different 
kinds. 


1. INTRODUCTION 

It has been known for a long lime that 
mercurous chloride, HgjCL,, gives a strong 
orange-red fluorescence under u.v. excitation 
at room temperature! 1,2]. A few other in¬ 
vestigations have been made of the optical 
properties of Hg 2 CI 2 . Absorption spectra in 
the infrared have been measured [3-7]. Suchan 
and Drickamer[8] studied the effect of pres¬ 
sure on the absorption edge and found the 
value 23 250 cm -1 (4300 A) when no pressure 
was applied. This is surprising because Hg 2 C! 2 
is a white powder. Pringsheim[9] reports that 
a strong orange-red fluorescence is obtained 
when mercurous chloride is excited by near 
u.v. light and that this fluorescence is a general 
property of the salt to such a degree, that it 
cannot be ascribed to some accidental im¬ 
purity. On the other hand it is said that none 
of the other colourless mercurous salts 
(sulfate, nitrate, acetate) shows a similar 
fluorescence. The fluorescence mechanism is 
unknown and it is not even known whether it 
is a property of the pure Hg 2 Cl 2 crystal or if 
it is due to impurities. Further it seems that 
authors who mention the fluorescence have 
not noticed that Hg 2 Cl 2 is one of the rather 
rare examples of inorganic luminescent mole¬ 


cular crystals. Other examples of such crystals 
are the solid halogens [ 10, 11 ]. The reasons for 
this investigation have therefore been the 
scarcity of information on Hg 2 Cl 2 and the 
partly contradictory results. 

2. EXPERIMENTAL 

The optical measurements described in this paper have 
been made on several different types of Hg 2 CI 2 samples. 
Powders from (he Merck and BDH Companies with 
different grain sizes were used as well as small single 
crystals obtained by sublimation in high vacuum (I0~ s 
Torr.) of different powders. The powders were all of 
reagent grade. No differences in any respect were noted 
when different samples were used for the measurements. 

The low temperature measurements were made mainly 
in a Sulfnan stainless steel helium cryostat. This was 
equipped with four windows on quartz (Suprasil) and the 
samples were mounted on a copper block which was 
screwed into a copper rod cooled by a surrounding spiral 
tube through which liquid helium was pumped. By regula¬ 
ting the helium flow rate temperatures between 10°K and 
80°K could be obtained at the sample and with liquid 
nitrogen in the cryostat, the temperature range between 
70°K and 300°K was covered. The temperature measure¬ 
ments were made with thermocouples. A Zeiss PMQ II 
spectrometer consisting of a double monochromator 
MM 12 with exchangeable glass and quartz prisms, 
together with a IP28 photomultiplier or a PbS photo¬ 
conductor, was used for measuring the fluorescence 
spectra. The light entering the monochromator was 
chopped and the amplified signal from the detector was 
registered by a Moseley 710 IBM recorder. The calibra¬ 
tion of the spectra) response of the spectrometer and the 
focusing elements (lenses, mirrors) was made by means of 
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• calibrated tungsten ribbon lamp. The same equipment 
as for fluorescence investigations was used for the 
measurement of the spectra of diffuse reflexion and 
absorption. For absorption and diffuse reflexion spectra, 
a 30 W H, lamp was used and this lamp in conjunction 
with another Zeiss MM 12 double monochromator was 
also used for the excitation spectra. The fluorescence was 
excited by a 90 W long arc Hg lamp with interference 
Alters or a 250 W Xe lamp in conjunction with a Leiss 
prism monochromator, 

The conductivity measurements were made with 
crystals of the approximate size of 0-5 x 0-5 x 0-5 mm. 
The contacts were made of painted colloidal silver, 
indium amalgam or pressure contacts of brass and of 
indium. The crystal was supported by a Teflon sample 
holder which also contained a small 25 V battery. A 
Keithley 602 electrometer was used to detect the current. 

3. RESULTS 
(a) Diffuse reflection 

The diffuse reflection spectrum of Hg 2 Cl 2 
powder was measured between 300°K and 
I0°K. The spectrum of MgO as a standard 
substance was measured under the same 
experimental circumstances. This method of 
determining the absorption edge has the 
important advantage of being applicable when 
a substance is available only as a powder. It 
has also been shown that the diffuse reflection 
spectra are not very sensitive to impurity 
contents [12]. However, there are difficulties 
in correlating a measured spectrum with the 


spectral variation of the absorption coefficient 
obtained in other ways. Different means to 
define the absorption edge have been sugges¬ 
ted. Here t0 Iog (intensity with MgO/intensity 
with Hg 2 Cl 2 ) vs. photon energy has been 
drawn. The point where the linear part of the 
curve bends upwards on the low energy side 
has been used as absorption edge (Fig. 1). 
These values of the absorption edge are plotted 
vs. temperature in Fig. 2. The temperature 
shift - dEldT is 17 x 10~ 4 eV/K. at 300°K.. 

At low temperatures there is apparently a 
strong increase of the reflectivity around 
3-15 eV. However, this effect is caused by a 
luminescence band which appears at low 
temperatures and which has its peak at 3-1 eV. 
This is reported in section 3(c). 

(b) Absorption 

The crystals were so brittle that they could 
not be ground and polished to the thickness 
wanted. However, absorption measurements 
have been made on crystals which had natur¬ 
ally grown to small plates. 

,0 log I 0 /l is plotted vs. photon energy for an 
approximately 50/a. thick slice (Fig. 3). 
Reflexion losses are neglected. 

The absorption edge was defined by extra- 





Fig. 1. Diffuse reflexion spectra of H&Cl^powder. The strong decrease of 
the curve for 10°K is due to fluorescence emission 4 which has its peak at 

3-1 eV. 
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Fig. 2. Absorption edge energy as a function of tempera¬ 
ture. Values have been taken from absorption 0 and 
diffuse reflexion measurements +. 



Fig. 3. Absorption spectra of a Hg 2 CI 2 crystal of thickness 
50 fjL. The absorption edge values are plotted in Fig. 2. 


polating the linear part of the curve to a — 0. 
The values obtained for the edge are also 
plotted in Fig. 2. The luminescence emissions 
(Section 3(c)) did not influence the absorption 
measurements. A filter with strong absorption 
in the visible and good transmission in the 
u.v. part of the spectrum was inserted in the 
light beam behind the sample. Corrections 
were made with regard to the u.v. transmission 
curve of the filter. 

(c) Emission spectra 

The emissions appear at different tempera¬ 
tures, are excited in partially different bands 
and two of the emissions appear only under 
certain circumstances. For orientation all of 
them have been collected in Fig. 4 and de¬ 
noted from 1 to 4. It should be noted that such 
a spectrum with all emissions cannot be 
recorded under constant temperature and 
excitation wavelength. 

Figure 5 shows the spectral distribution of 
emission 1 at different temperatures. The 
peak at l-5eV (830 nm) has a considerable 
width especially at high temperatures (300°K), 
and the emission is therefore seen as orange- 
red by the eye at this temperature and as red 
at lower temperatures where the short wave¬ 
length tail decreases. The existence of this 
emission of Hg 2 Cl 2 has been known for a long 
time but no results of more thorough investi¬ 
gations have been published. 



Fig. 4. All fluorescence emissions of Hg 2 CI 2 . The emissions are excited 
under different conditions and have been plotted with the same maximum 

intensity. 
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Emission 2 has the peak at 2 2 eV (569 nm), 
number 3 at 2-5 eV (500 nm) and number 4 at 
31 eV (397 nm). 

Emission 1 is not symmetric, especially not 
at high temperatures, but emissions 2-4 are 
symmetric and can be well described by 
Gaussian curves. 

The temperature dependence of the half¬ 
widths of the emissions is shown in Fig. 6. 

(d) Excitation spectra 

For each emission the excitation spectrum 
has been measured over a large temperature 
interval. A comparison between the excitation 



Fig. 6. Half-widths of emissions 1-4 as a function of 
temperature. 


spectra of different emissions is given in Fig. 
7(a). All curves refer to constant number of 
photons falling on the specimen per unit 
energy interval ail over the spectral region 
studied. The excitation intensity was measured 
with a calibrated spectrometer. 

Emission 1 has, at the lowest temperatures, 
an excitation spectrum with three distinct 



-j-.4J_L_ 

3-5 *0 4-5 


EXCITATION PHOTON ENERGY t«Vl 

Fig. 7(a). Excitation spectra of all fluorescence emissions. 
Observe that different temperatures have been used. 



Fig. 7(b). Excitation spectrum of emission I. 
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Fig. 7(c). Excitation spectrum of emission 3. 



Fig.’7(d). Excitation spectrum of emission 4. 


peaks at 4-00, 4-25 and 4-55 eV (Fig. 7(b)). If 
the peaks are separated, the values of the last 
two will obviously change slightly. At higher 
temperatures the structure is less marked and 
at 290°K there is only a trace of a peak at 
415 eV. Possibly a new peak appears at about 

3- 8 eV on the curve for 178°K and it might be 
this peak which is shifted to 3-65 eV at 290°K. 
The excitation spectrum of emission 3 (Fig. 
7(c)) shows a still more distinct structure at 
low temperatures. Peaks are found at 4-12 and 

4- 35 eV. A slight trace of a peak is seen at 
4-65 eV. There is also a separate excitation 
band with the peak at 3-75 eV. Emission 2 has 
at 80°K a spectrum which is very similar to 


that of number 3 but due to some special 
properties of emission 2, the spectrum could 
be measured only at 80°K. (Fig. 7(a)). A 
separate excitation band is seen with the peak 
at 3-45 eV. Excitation spectrum 4 (Fig. 7(d)) 
also has great similarities with No. 3. Peaks 
are found at 4-13,4-38 and 4-66 eV, all without 
correction for the influence of the adjacent 
peaks. 

(e) Temperature dependence of emission 
intensity 

The temperature dependence of the inte¬ 
grated emission 1 is shown in Fig. 8. The 
decrease at low temperatures is due to narrow¬ 
ing down of the band. The peak height is 
approximately constant at low temperatures. 

For emission 2 and 3 different results are 
obtained if the material is excited with hv < 

3- 9eV (Fig. 9) or hv > 3-9eV (Fig. 10). 
Emission 2 has about the same temperature 
dependence as 3 for excitation energies larger 
than 3-9eV. Further investigations of tempera¬ 
ture dependence of emission 2 have not been 
possible for reasons explained in Section 3(f). 

In Fig. 10 emissions 3 and 4 are shown 
when excited in a broad band between 41 and 

4- 6eV. These measurements are made under 



Fig. 8. Temperature dependence of the integrated emission 
1 for excitation at 4-0 eV. 








Fig. 9. Temperature dependence of the integrated emission 
3 for excitation at 3-75 eV, 



Fig. 10. Temperature dependence of the integrated 
emissions 3 and 4 for excitation at 4-1 e V. 


circumstances when emission 2 is negligible. 
(No pre-exposure of the sample before 
cooling.) 

(f) Special properties of emission 2 and 3 
If a sample has not been exposed to u.v. 
radiation at room temperature, emission 3 is 
very weak at 80°K when excited around 3 75 
eV. If, however, the sample is pre-exposed to 
u.v. light at room temperature, emission 3 is 
much stronger after cooling. The emission 
intensity at 80°K is approximately proportion¬ 
al to the pre-exposure time when moderate 


times and intensities are used. After cooling, 
the intensity obtained is constant over long 
periods for constant excitation. If long times 
and high u.v. intensities are used at room 
temperature, appreciable photodecomposition 
of the Hg 2 Cl 2 -moIecules is observed and 
probably free Hg is formed which can be 
inferred from the fact that the sample darkens. 
(Compare with the silver halides AgCl, AgBr, 
Agl [13,14].) At low temperatures the process 
is slower and e.g. at 20°K no darkening has 
been observed even after several hours with 
the highest attainable u.v. intensity. This is 
also in accordance with experiences from 
silver halides. 

Emission 2 shows the same phenomenon 
but with one important difference; when the 
sample is excited after pre-exposure at room 
temperature and cooling, the intensity of 
emission 2 depends on the pre-exposure time, 
but decreases exponentially with the time of 
excitation (Fig. 11). The decay constant is 
approximately proportional to the excitation 
intensity. The emission can be recovered only 
by warming the sample, exposing it to u.v. 
light, cooling and exciting it again. If the 
sample is kept for 1 hr at room tempera¬ 
ture in darkness after pre-exposure, emission 
2 is considerably weaker after subsequent 
cooling, but still stronger than without pre¬ 
exposure. Keeping the sample at 80°K half 



Fig. 11. Intensity of emission 2 as a function of excitation 
time. The sample was pre-exposed at room temperature 
and cooled in darkness to SCHC before the excitation. The 
initial intensity is denoted f 0 . 
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an hour in darkness after exposure at room 
temperature, did not influence the emission 
intensity. It has not been possible to make 
measurements of these phenomena at lower 
temperatures than 80°K, as no cryostat was 
available which could cool the sample from 
room temperature to temperatures below 80°K 
and up to room temperature again, in reason¬ 
able time. 

Emissions 1 and 4 are not influenced by 
pre-exposure. 

(g) Conductivity measurements 

No dark conductivity or photoconductivity 
has been found. With 25 V over the crystal, 
the dark current was < 10~ 14 A. With a 250 W 
small arc Xe-lamp carefully focused with a 
big quartz lens, no detectable current was 
found (< 10~ 14 A). 

Measurements of transient photoconducti¬ 
vity with blocking electrodes of Mylar and 
integrated current measurement was tried, but 
no photoconductivity was detected. 

4. DISCUSSION 

Molecular crystals are examples of crystals 
where the tight-binding model of excitons is 
applicable. In molecular crystals the binding 
forces within the molecule is strong in com¬ 
parison with the van der Waals forces which 
connect the molecules to a crystal. This means 
that in such crystals one cannot start with the 
usual semiconductor model where it is as¬ 
sumed that the electrons are nearly free and 
then make corrections. Instead we have to 
start with the opposite point of view and 
consider the energy levels of a free molecule. 
The electron levels in the free molecule will 
appear as excitons in the crystal. The shift of 
positions and the broadening of the electron 
levels is due to the crystal binding. Examples 
of crystals, where at low temperatures we get 
sharp exciton lines with very little shift in 
comparison to the free molecule, are antra- 
cene and benzene. On the other hand there 
are substances where an appreciable broaden¬ 


ing and shift in position occur, e.g. solid 
iodine[10,11]. 

The excitation spectra of Hg 2 CI 2 begin with 
a peak, which is rather sharp and the rest 
evidently also consists 1 of overlapping peaks. 
These peaks can be interpreted as tight-bound 
excitons as in antracene or solid iodine[10,11]. 
Some investigations have been made in order 
to determine whether we have energy transfer 
by bound excitons or transport by indepen¬ 
dently mobile electrons and holes in conducti¬ 
vity and valence bands. 

It was found that the temperature depen¬ 
dence curve of emission 4, i.e. emission 
intensity vs. temperature, is independent of 
excitation intensity. However, for a bimolecul- 
ar process it has been shown that the curve is 
shifted to higher temperatures with higher 
excitation intensities. The investigation of 
emission 4 of Hg 2 Cl 2 (Fig. 12) shows that there 
is a shift of only 0-8°K towards lower tempera¬ 
ture when the excitation intensity is increased 
166 times. 0-8°K is within the limits of measure¬ 
ment error and the curve can be considered 
independent of excitation intensity. There¬ 
fore, it is concluded that emission 4 is not due 
to recombination of free charge carriers via a 
recombination centre. The results of two other 
experiments also fit into this picture. 

No photoconductivity could be detected. 
This can be explained by the exciton model 
with no free electrons and holes. However, 
also with mobile electrons and holes the 
photoconductivity could be small due to low 
mobility or short carrier lifetime. Furthermore 
no influence by secondary light during the 
excitation or immediately after was found. 

If we leave out emission 1 for a while, a 
model for emissions 2, 3 and 4 may be given. 
Excitation of the host lattice gives the exciton 
structure in the excitation spectrum of emis¬ 
sion 4. Recombination can then occur in the 
host lattice or over a centre to which the 
energy is transferred. When the temperature 
is lowered, the intensity of emission 4 in¬ 
creases and reaches a constant value at 
temperatures lower than 20°K. This indicates 
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Fig. 12. Temperature dependence of emission 4 at two different 
excitation intensities. The curves are plotted as ///„ where /„ is the 
intensity at 0°K (extrapolated) 


that no activation energy is needed for emis¬ 
sion 4 and it seems probable, that this emission 
occurs within the Hg a Cl 2 molecule. Further, 
emission 4 cannot be excited for/ip < 3-9eV. 
In contrast to this, emission 2 and 3 can be 
excited in one additional band each and when 
excited there, the intensity increases from the 
temperature where the emissions first occur 
down to the lowest temperatures. A process 
with energy transfer from the host lattice to 
emission centres seems probable. Examples 
of such mechanisms can be found in WO, 2 - 
and Mo0 4 2_ compounds. The situation in 
these compounds has been thoroughly ex¬ 
amined by Botden[!5] who applied the Mott- 
Seitz model. If we apply this model to mer¬ 
curous chloride and assume that emission 4 is 
due to the Hg 2 CI 2 molecule, we find, if we 
have a crystal without extra centres, the 
following situation (Fig. 13). 

If U centres (molecules) are excited per unit 
time interval we have 

U = p,a + p Q a 

where a is the number of excited states and 
AipfjUi p g are the probabilities per unit time for 
MB&ffiited centre to return to ground state 



Fig. 13. Schematic drawing showing the potential energy 
curve vs. a configuration coordinate for a fluorescent 
centre in its ground and excited states. 

with emission of a photon or without photon 
emission. The quantum efficiency of the 
luminescence is then 

l/U = p,(il{p,a + p v a) = Pil(Pi + Pg) 

1 = U/(l +PglPi). 

We have: p Q = c,. exp (—E q /kT) where c, is a 
constant and E„ is the activation energy for 
thermal quenching. If we assume that p, is 
independent of temperature we have: 

/ — U/(1 -Fcexp (- EJkT)). 






OPTICAL PROPERTIES OF Hg 2 CI 2 


461 


Taking / = /„ for 7 = 0 this can be trans¬ 
formed to 

(/„//) -1 = c. exp (- EJkT ). 

There is no influence of excitation intensity on 
the temperature dependence in this model as 
both fluorescence and quenching is propor¬ 
tional to the excitation intensity. 

However, in our case this model is not 
complete since emission 3 is closely connected 
to emission 4, as seen in the temperature 
dependence of the emissions (Fig. 10). This 
behavior can be incorporated in the Mott- 
Seitz model by connecting the energy transfer 
to recombination centres causing emission 3, 
with a certain thermal activation energy [16, 17] 
(Fig. 14). 

The probability p, for energy transfer to an 
emission centre of type 3 will have the form 

c- 2 . exp (—EJkT) 

where E, is the activation energy and c 2 a 
constant (Fig. 14). 

For the intensity of emission 4, l 4 , we get 

IJV = p,ol ( Pin 4- p„a + p,it ) 

(/„//)- 1 = e,., exp (-EJkT) 4- c., exp (—EJkT) 

in the same way as in the treatment of simple 
thermal quenching. If E„ and E, are not too 



Fig. 14. Schematic drawing showing the potential energy 
curves vs. a configuration coordinate for the ground and 
excited states of the HgXI. molecule and centre 3. 
Differences between the ground states are neglected. 


closely equal we can neglect one term at high 
temperatures and the other at low and keep 
only one term in each region. From Fig. 10 we 
see that the transfer of energy starts at lower 
temperatures than thermal quenching. This 
means that at low temperatures we have 
approximately: 

lu log (/„// - 1) = ‘"Jog c 4 - EJkT ’"log e. 

Figure 15 shows the result of plotting the 
temperature dependence curve of emission 4 
as "’log (/„//-]) vs. 1/7. We find two approxi¬ 
mately straight lines corresponding to the two 
regions of energy transfer and temperature 
quenching. With corrections with regard to 
the influence of the small term on the domina¬ 
ting one, we find E, = 001 eV and E q = 
0 03 eV. During these measurements it was 
arranged so that emission 2 did not influence 
the result (no pre-exposure of the sample 
before cooling). Emission 2 has probably a 
similar temperature dependence as emission 
3. It was only seen that when emission 2 was 
present, its intensity increased when the 
temperature decreased from 60°K, where the 
emission first appeared and that emission 2 



Fig. 15. Temperature dependence curve of emission 4 
plotted as log ((/ 0 //) — 1) vs. T where /„ is the intensity 
at 0°K (extrapolated). The thermal activation energies 
for quenching and energy transfer are calculated from 
the slopes. 
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was not present at the lowest temperatures 
for excitation with hv > 3-9 eV. 

AH that was said above about energy 
transfer, is valid for excitation in the region 
hv > 3-9 eV. Besides this the luminescence of 
emission 2 and 3 (but not 4) can be excited in 
specific bands. This corresponds to the transi¬ 
tion 2 in Fig. 14. When excited in this band 
emission 3 increases all the way down to the 
lowest temperatures used (I0°K). This is also 
in agreement with the model used above, 
since with this excitation there is no energy 
transfer, but only excitation and emission in 
the same centre. 

Emission 1 has no connection with the other 
emissions other than through the fact that the 
excitation spectra have the same structure at 
low temperatures. However, excitation spec¬ 
trum I is shifted 0-1 e V to the low energy side. 
The temperature dependence of emission 1 
has no connections with that of the other 
emissions. It has not been possible to find an 
explanation for this emission from the 
measurements made and further investigations 
are necessary. 

An interesting investigation should be the 
comparison of absorption and emission spectra 
of Hg 2 CI 2 in its gas and solid states. However, 
part of the Hg 2 CI 2 molecules in the vapor are 
dissociated to Hg and HgCl. 2 when the crystal 
is heated. It also seems as if there is no suit¬ 
able solvent for mercurous chloride. Other¬ 
wise the absorption spectrum of the solution 
could have been studied. 

More investigations are also needed to 
determine the nature of centres 2 and 3. From 
what is said in Section 3(f) about the proper¬ 
ties of emission 2 and 3, it can be concluded, 
that the centres are probably formed by 
dissociation of the Hg 2 CI 2 molecule. Emission 


3 is simply due to formation of stable emission 
centres. Emission 2 is also due to the forming 
of centres, but there is a complication. The 
emission is not constant with time but de¬ 
creases exponentially. Compare bleaching in 
alkali halides f 18]. 
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ELECTROMIGRATION AND ASSOCIATED VOID 
FORMATION IN SILVER*t 

it 
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Abstract-Electromigration in both 99-999 per cent pure silver with about I ppm oxygen and 99-99 per 
cent pure silver with about 40 ppm oxygen (presumably in the form of impurity oxides) has been 
measured using the vacancy flux method. The method consists of determining local volume changes in 
specimens subjected to a large d.c. current density (— 10 4 A/cm 2 ) and a parabolic temperature distri¬ 
bution, which results from water-cooling the specimen ends. As a result of improved temperature 
determination, the effective charge for electromigration was found to be about — 6-5 e in contrast to the 
earlier reported value of about — 25 e. Microscopic void formation on the cathode side and consequent 
sample elongation were observed only in the less pure silver and could not be induced in the purer 
materia] even when charged individually with oxygen or hydrogen. Some evidence indicated oxygen 


electromigration to the anode in silver and also 
latter in the presence of dissolved hydrogen. 

1. INTRODUCTION 

The present investigation is a sequel to the 
work of Ho and Huntington [ 1 ] who measured 
by the marker motion technique electromigra¬ 
tion in high purity silver supplied by Englehard 
Company. An interesting result of this 
investigation was that the tubular samples 
elongated progressively in the course of a run 
and revealed void formation on the specimen 
cathode side upon polishing at the conclusion 
of the run. Sample elongation, void formation 
and marker velocities were increased when 
the inert argon ambient was replaced by 5%H 2 
+ 95%A. It was concluded that the voids were 
formed by vacancy condensation on the pre¬ 
existing impurities in the region of vacancy 
super-saturation, which happens to be the 
cathode side in electron conductors. The 
existence of dissolved hydrogen was surmised 
to cause enhanced void nucleation and growth. 
These results on void observation were 
essentially of preliminary nature and the need 
for further experiments, particularly under 

•Supportedby U.S. Atomic Energy Commission. 
tThis paper is based on a thesis submitted to the 
Department of Physics and Astronomy at Rensselaer 
Polytechnic Institute in partial fulfillment of the require¬ 
ments for the degree of Doctor of Philosophy. 

tDepartment of Materials Science and Engineering. 
Cornell University. Ithaca, N.Y. 14850. U.S.A. 


i enhancement of the self-electromigration of the 

highly purified argon ambient, was pointed out. 

In the present experiments electromigration 
in both essentially oxygen-free and oxygen¬ 
bearing silver has been measured, under 
various ambient conditions, with the object 
of exploring further the observed phenomenon 
of cathodic void formation [I], Some of the 
results of this investigation pertained to 
'hydrogen embrittlement’ of silver[2]. The 
latter was found to introduce in the specimens 
iaige dimensional changes extraneous to 
electromigration itself, which will be the 
subject of another paper[3]. The results 
reported here include the following: (i) the 
effective charge, Z*. taking into account 
the improved temperature determination; (ii) 
the conditions under which microscopic 
evidence for void formation was obtained; 
(iii) the direction of electrotransport of 
interstitial oxygen in silver; and (iv) hydrogen 
enhancement of self-electromigration in silver. 

2. EXPERIMENTAL PROCEDURE 

2.1 Apparatus 

Although the basic experimental approach 
to measure electromigration in silver was the 
same as in the earlier work[l], several im¬ 
provements were made in the apparatus. In 
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order to keep the ambient contaminants at a 
minimum level, an especially clean specimen 
chamber was needed. For this purpose an all 
stainless steel chamber, which could be 
evacuated and then be filled with high purity 
dry argon, was designed and fabricated. A 
gettering system to purify further the 99 995 
per cent pure tank argon was also constructed. 


A sketch of the chamber, with the specimen 
mounting assembly, is shown in Fig. 1. It 
consisted of a 9 in. I.D., 304L stainless steel 
tube with 9 flanged ports (four of these are not 
shown in Fig. 1). All the flanges were heli-arc 
welded to the main tube and contained grooves 
for viton o-rings. The specimen was held 
between a fixed clamp and a movable clamp 


1. 9" X.D. Chamber Tub* 

9, 

Hollow Cylindrical Specimen 

15. 

Copper Electrode* 

2. 12" Mam. Mating Flange 

10 

Ceramic Tube Housing 

16. 

Water PIpa* 

3. Quart! Window 


The Thermo Couple 

17. 

Hell-arc Weldt 

4, Travailing Mlcroecope 

11. 

S. S. Rod 

18. 

Gold Braxlng 

5. Top Flange 

12. 

Ball Bearing .Wheels 

19. 

Bottom Flange 

6, Viton O-Rlng 

13. 

Mercury 

20. 

SS Port Flange* 

7. Fixed Electrode 

14. 

Nickel Plated Tub. 

21. 

Tygon Tub* 


8. Movable Electrode 



m Fig- 1 ■ Chamber with specimen mounting assembly. 
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which rode on ball-bearing wheels and was 
partially immersed in mercury contained in a 
heavy nickel plated tub; the specimen was 
viewed through the quartz window at the top. 
Both the fixed clamp and the tub containing 
mercury were bolted on to OFHC copper 
electrode rods which were hollowed out from 
the bottom-end to within { in. of the top for 
water-cooling. Teflon washers (not shown) 
were used to insulate these electrode rods 
from the chamber at the two bottom ports. 
The side port on the right led to an assembly 
of a bellows and a rod which enabled one to 
move externally the ceramic tube, housing 
Pt-PtlO%Rh thermocouple, along the axes 
of the hollow cylindrical specimens. This 
arrangement provided a means to measure the 
temperature distribution in the samples. The 
port on the left led through a gate valve to the 
vacuum system, which consisted of a mechan¬ 
ical pump, a fore-line trap, a 2 in. oil-diffusion 
pump and a liquid nitrogen trap. The remaining 
side ports (not shown) were for two gas 
connections, a thermocouple feedthru and a 
G.E. Trigger Gauge to monitor the high 
vacuum. Although the maximum possible 
vacuum for this system was in the range of 
10 “Torr, the extensive outgassing of the 
gettering system permitted vacuum in the 
range of only 10 fi Torr., after several hours of 
pumping. 

The gettering system consisted of a mole¬ 
cular sieve trap for water vapor and a high 
temperature furnace filled with titanium chips 
for gettering oxygen and hydrogen. A three 
phase power supply capable of supplying 1500 
d.c. A was used to heat the samples. Three 
center-tapped, stepdown transformers coupled 
with six high current silicon diode rectifiers 
converted the a.c. power, from three saturable 
core reactors, to d.c. power. The d.c. excita¬ 
tion to the control windings of the saturable 
core reactors was provided by an amplistat. 
The input to the latter was a regulated error 
signal provided by a strip chart recorder with 
a thermocouple input and processed by a 
3-mode controller(4]. This feed-back propor¬ 


tional power control system held the tempera¬ 
ture constant normally to within ± 4°C. 

2.2 Material characterization and specimen 

preparation 1 , 

The material used in this investigation was 
obtained from two different suppliers, Johnson 
Mathey Company and Englehard Company 
(hereafter referred to as JM and EH silver) 
Vacuum fusion gas analysis [5] showed that 
the 99-999 per cent pure JM silver contained 
~ 1 ppm oxygen and the 99-99 per cent pure 
EH silver contained ~ 40 ppm oxygen, 
presumably in the form of impurity oxides. 

The thin-walled hollow cylindrical samples 
with massive grips were machined from either 
J or ^in. rods. The samples were ®in. in 
length with O.D. = 0-159in. and l.D. = 0-125 
in. These values were chosen from considera¬ 
tions of capability of the power supply and the 
requirement that A r/l, where A r is the wall 
thickness, should be =s 0-02 for isotropic 
dimensional changes [1], Marks were scribed 
on the smooth sample surface by a spark 
erosion technique and were typically 25-50 p 
wide, ~ 50 p deep and 30 in number. Samples 
were thoroughly washed first with acetone and 
then with alcohol, dried and weighed before 
mounting in the chamber. 

2.3 Measurements 

After clamping the sample tightly in place, 
the chamber was sealed properly, evacuated 
and filled with the desired ambient gas; viz, 
gettered argon, tank argon, a mixture of 
hydrogen and argon or a mixture of oxygen 
and argon. The ambient gas pressure was 
maintained at ~ l-i atm. The samples were 
then heated slowly to the operating tempera¬ 
ture with the 3-mode controller first in manual 
and then in automatic operation. The water¬ 
cooling of the specimen ends resulted in a 
parabolic temperature distribution with the 
maximum at the center. 

A Pt-Ptl0%Rh thermocouple placed inside 
a double-holed ceramic tube, movable co¬ 
axially within the sample, indicated the tem- 
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perature along the specimen axis. Careful 
melting point checks [4] revealed that at high 
temperatures the internal thermocouple read 
the sample temperature ~ 60°C too low. The 
discrepancy arises from the conduction losses 
in the ceramic tube, which is essentially 
connected to a heat sink. Calculations based 
on balancing the heat lost by conduction in the 
ceramic tube against the heat it receives from 
the sample through gas conduction and radia¬ 
tion, yielded ~ 31°C for the difference, AT, 
between the sample temperature and the 
thermocouple reading. However, there are 
enough uncertain factors in the calculation 
whose adjustment would provide the flexi¬ 
bility to bring the calculated value in agree¬ 
ment with the observed AT ~ 60°C (see 
Appendix). In order to verify further the 
existence of this large temperature difference, 
AT, an additional experiment was carried out 
in which an i.r. pyrometer was used in addition 
to the internal thermocouple. The pyrometer 
was focussed on an aquadag spot pasted at the 
center of the sample. The book-value for the 
emissivity of aquadag [6], 0-8, was used and 
the losses at the quartz window were cor¬ 
rected for. In the temperature range of 
interest, 700-900°C, the pyrometer read about 
55° =t 10°C higher than the internal thermo¬ 
couple. This result was in essential agree¬ 
ment with the earlier melting point checks. 

The dimensional changes resulting from the 
current-induced ion and vacancy fluxes in a 
temperature gradient[7] were measured with a 
Gaertner traveling microscope equipped with 
a micrometer filar eye-piece. The longitudinal 
changes were determined by recording period¬ 
ically the surface marker displacements 
relative to the three fiducial marks near the 
fixed end of the sample. The marker centers 
were read to an accuracy of ± 2 /i. The micro¬ 
meter filar eye-piece was employed to moni¬ 
tor the transverse changes at each marker 
position. The uncertainty in the diameter 
measurements was ±3 g.. At the end of the 
runs, the samples were potted, polished both 
mechanically and electrically [4], and ex¬ 


amined under an optical microscope (usually 
at the magnification of 100X). 

3. RESULTS AND ANALYSIS 
(i) Self electromigration in silver 

In all the electromigration runs, the mass 
transport was towards the anode as expected. 
The typical dimensional changes observed in 
these experiments are shown in Fig. 2. The 
marker velocities displayed as functions of 
position, x , along the sample (Fig. 2(a)) were 
obtained from straight line plots of displace¬ 
ment vs. time for each marker. The changes in 
O.D., A D 0 , corresponding to 8-6 days are 
shown in Fig. 2(b-l) and need to be corrected 
for evaporation in the hot central region. The 
evaporation correction curve. Fig. 2(b-2), was 
established experimentally* and the sum of 
the curves 1 and 2 was taken as the actual 
AT>oU). 

The current induced ion flux [7] at any point 
in the specimen, 

Mx) = N,V,(x) (1) 

where N, and V, are respectively the con¬ 
centration and the velocity of the ions. The 
counter flow of vacancies is such that </>, = 
— d>,„ where tf> v is the vacancy flux. By virtue of 
the temperature gradient, non-zero local 
divergences of these ion and vacancy fluxes 
exist in the sample, which produce the ob¬ 
served dimensional changes. For N t indepen¬ 
dent of both time and position along the 
sample (which is equivalent to assuming 
negligible contribution from void formation to 


"Figure 2(b-2) is readily obtained by symmetrizing the 
measured curve in Fig. 2(b-i) and forcing A£>„ at the 
center to be zero. However, this procedure cannot be 
adopted for samples showing cathodic void formation. 
For this reason, the general shape of curve 2(b-2) was 
established from measurements at various temperatures 
on JM samples which showed no significant void for¬ 
mation. For EH runs showing voids on the cathode side, 
the almost fiat, maximum value for curve 2(b-2) was taken 
to be the negative of the measured \D„ at the center and 
the general shape established in JM runs was taken as a 
guide to determine the entire evaporation correction 
profile. 
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(a) 



(b) 


!• 2. (a) Marker velocity vs. position (Run No. J7). (b) Diameter change (in 8-6 days) vs. 

position (Run No. J7). 
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observed dimensional changes), the mass 
balance equation leads to 

div = div {A/ ( K,(jc)} = NA(x) (2) 

where A (x) = e,(x) + 2e r (x) is the rate of total 
dilatation at x. e, and e r are respectively the 
longitudinal and transverse strain rates. In the 
one dimensional case. 


HV,(x) 

fix 


*A(jc) 


or 

JC 

Vt{x) = J A(jt')dx', where F ( (x 0 ) = 0. (3) 

X0 


The slopes determined at various points on the 
marker velocity vs. x curve (Fig. 2(a)) were 
taken for t/(x) and the diameter changes 
corrected for evaporation (Fig. 2(b)) were 
divided by the initial O.D., D„{ jc), and the 
time duration of the run to give e r (x) (it may 
be noted that proportionate changes take place 
in I.D., Dj, and the relationship, ADj:AD 0 = 
£><:D„[8], was verified in one of the early runs 
by polishing away half the sample parallel to 
its axis and measuring £>, as a function of x). 
The total dilatation rate, A(.v), thus deter¬ 
mined is shown in Fig. 3(a). The corres¬ 
ponding ion velocities, Vi(x), obtained by 
graphically integrating equation (3) are 
shown in Fig. 3(b). Since the temperature is 
measured as a function of x, the ion velocities 
are known as functions of T. 

It is customary to write, e, = c*A, where a is 
the so-called isotropy factor. In cases where a 
is independent of x, equation (3) yields: 


^(*) = “ j i,(x')dx' = ^ V„,(x ) (4) 

Jo 

where V m (x) is the velocity of the surface 
marker at x. However, quite often it turns out 
that the observed a is either a function of x or 
approx, a constant different from the isotropic 
value, i. The experimental value of a for sil¬ 


ver was found to depend on both the frictional 
and inertial impedence to the movement of the 
clamp [4] and the purity of the material. For 
the relatively purer JM material, a was ~ 0-22 
and for the less pure EH material a was close 
to the isotropic value, 

The fact that, in general, a was not a con¬ 
stant made it necessary to measure both 
longitudinal and transverse dimensional 
changes so that equation (3) could be used to 
compute the ion velocities. The latter can be 
related to the force on the ions, F ( , by the 
Nernst-Einstein relation. 


V, 


DF\ 
kT 


( 5 ) 


where D is the uncorrelated diffusion coeffi¬ 
cient and F, is customarily written as, F, = 
Z*eE. Here, Z* is the effective charge on the 
ions including both the electrostatic and 
‘electron wind’ effects [7], e is the electronic 
charge and E is the applied d.c. field. Among 
the three frequently cited equivalent theo¬ 
retical expressions for Z"\l, 9,10], the one 
obtained by Huntington [7] reads as follows: 


Z* = Z\ 


1 m* ' 

2 N,ip \m*\- 


( 6 ) 


where N d and p a are respectively the con¬ 
centration and the resistivity of the defects, p 
is the lattice resistivity and m* is the charge 
carrier effective mass. With the use of Ohm’s 
law and the expression F t = Z*eE , equation 
(5) is written as. 


D*Z* 

y -~jk r w 


(5') 


where D* is the correlated diffusion coefficient, 
/ the correlation factor and j the current 
density in the sample. In the experimental 
temperature range, p/T and Z* turned out to 
be only weakly temperature dependent, if at 
all; and, therefore, a plot In (VJj) vs. 1 IT 
should yield a straight line with negative slope 
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equivalent to the diffusion activation energy. 
Figure 4 shows such Arrhenius plots for three 
runs. The values of V t in this figure refer only 
to the specimen anode side, and hence the 
complications due to cathodic void formation 
are circumvented. The average activation 
energy, Q, obtained from the slopes of these 
lines is l-95±019eV, which agrees well 
with the self-diffusion value, 1-91 eV [ 11 ], as 
expected. This result also demonstrates the 
lack of a measurable temperature dependence 
of Z*. 

The effective charge Z* at any temperature 
T can be computed from equation (5') using 
the known tracer diffusion constant D* and 
the experimental values of V,. The results of 


such a calculation are shown in Fig. 5. The 
average value of Z* is — 6*5 ±1-4 and no 
systematic variation with temperature is 
evident. Although the error limits overlap, it 
appears that Z* for the less pure EH material 
is systematically higher than that for the purer 
JM material. The defect resistivity calculated 
from equation (6), using the above value of Z*, 
is 11 ±0 2/i.fl-cm per cent defect and is in 
close agreement with the electromigration 
results for gold [ 12] and copper [13]. 

(ii) Void formation 

The JM silver specimens run in tank argon, 
5%H 2 + 95%A, wet argon and 5%0 2 + 95%A 
ambients did not show a steady elongation 
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Fig. 5. Effective charge, Z*, vs. T. 


(characteristic of void formation) during the 
runs; nor did they reveal any microscopic 
evidence for significant void formation when 
polished at the conclusion of the runs. How¬ 
ever, the oxide-bearing EH silver specimens 
run in tank argon ambients elongated steadily 
at the rate of ~ i /a/ day and a small but 
definite associated void formation was ob¬ 
served on the cathode side of the specimens. 
No voids were seen on the anode side (Fig. 
6(a,b))- Similar results were obtained even 
when the ambient gas was purified by passing 
it over hot titanium following a molecular 
sieve trap. The results of heating the EH 
samples in a low partial pressure of hydrogen 
were similar to the ‘hydrogen embrittlement’ 
effects [2] on the one hand, and to the swelling 
caused by the irradiation induced gas bubble 
coalescence [14], on the other; these results 
will be repoited elsewhere[3]. 

Although no void formation was observed 
in JM material impregnated with hydrogen, 
there was indication of enhanced self-electro¬ 
migration. In one of these runs, where the ion 
velocities were determined by measuring both 
the longitudinal and transverse dimensional 
changes, Z* -14-0±5-0 in contrast to 


— 6 5 ± 1-4 obtained in runs under pure argon 
ambients. 

In a JM sample run under 5%0 2 + 95%A 

ambient, Z*-8-8 ± 2-5. Vacuum fusion gas 

analysis [5], carried out at the end of this run, 
showed 41 ± 3 ppm and 21 ± 2 ppm oxygen in 
the specimen anode and cathode halves, 
respectively. The corresponding numbers for 
an air-annealed sample were, 100 ±8 ppm and 
39 ± 3 ppm oxygen (the results of gas analysis 
as to the total amount of dissolved oxygen, 
are in essential agreement with the calcula¬ 
tions based on solubility data). This suggests 
anode-directed interstitial oxygen electro¬ 
migration in silver. Additional evidence to 
indicate a negative electrotransport of 
dissolved oxygen will be presented in a later 
paper[3]. 

4. DISCUSSION 

Since silver is an electron conductor the 
observed anode-directed electromigration is 
expected. It means that the electron wind 
force dominates the electrostatic field force. 
The agreement between the measured dif¬ 
fusion activation energy, l-95±0-19eV, and 
the self-diffusion value, 1-91 eV [11], is also to 
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be expected if the assumption that electro¬ 
migration is rate limited by bulk diffusion is 
correct. There appears to be no T'-dependence 
of Z*. 

Although our observations agree in general 
with those of other investigators 11,15,16] the 
present value of Z* is considerably lower than 
the earlier values obtained for Z* in silver. A 
nearly T-independent Z* of about — 25 for 
99-999 per cent nominal purity EH silver was 
reported by Ho and Huntington[1]. However, 
their measurements were not corrected for the 
temperature drop (— 60°C) at the thermo¬ 
couple placed inside the coaxial ceramic tube 
(Section 2). A recalculation of their result, 
taking into account this temperature cor¬ 
rection, yields a Z* of—100±0-5, which is 
somewhat higher than the present value, 
-6-5 ±1-4. It is possible that the earlier 
results! 1] were influenced, if only marginally, 
by the ‘hydrogen embrittlement’ effects, which 
result from a combination of trace hydrogen in 
the ambient and some impurity oxides in the 
specimen material. On the other hand, an 
especially clean specimen chamber was used 
in the present work, which made it possible to 
keep the ambient contaminants at a level low 
enough to avoid the hydrogen embrittlement 
effects. The latter are found [3] to introduce in 
the specimen dimensional changes extraneous 
to electromigration, which would be reflected 
in an apparently larger Z*. 

Kuzmenko[15] and Doan] 16] have both 
reported considerably higher Z* for silver 
compared to the present result. Kuzmenko’s 
Z* was — 22-2 at 900°C and decreased slightly 
with temperature. The scatter in his results 
was quite large (— 16-3 to -35-8). Doan also 
observed a large Z*, — 16-1 at 889°C, with a 
rather strong inverse T-dependence. The 
reasons for the large effective charge values 
obtained by these investigators are not 
evident at present and one can only speculate 
as to some systematic error in their measure¬ 
ments. The present value on the other hand is 
believed to be correct, since, as a result of the 
improved temperature determination and the 


significantly low level of ambient contamin¬ 
ants, the corresponding value of the defect 
resistivity, 1-1 ±0-2/cfi-cm/%, is close to that 
for other noble metals; e.g., for Au[12] and 
Cu[13] it is l-2±0-3 and l-2±0-2/*n-cm/%, 
respectively. Such an agreement is to be 
expected, since, at high temperature, the 
defect configuration and the associated 
scattering cross-sections are likely to be the 
same in all f.c.c. metals. 

The void formation on the cathode side and 
the associated sample elongation were ob¬ 
served only in the less pure (EH) silver and 
could not be induced in the purer (JM) 
material even when charged individually with 
oxygen or hydrogen. Neither interstitially 
dissolved oxygen nor hydrogen could by 
itself produce the dimensional changes 
corresponding to void formation or any 
significant microscopic evidence for the 
latter’s production. For void formation, it 
appears impurity precipitates are important as 
trapping nuclei to compete for vacancies 
successfully with the various sinks (e.g. 
dislocations, grain-boundaries and the 
surface). 

The observed negative electrotransport of 
interstitial oxygen in silver, like the self 
migration, implies the dominance of the 
‘electron wind’ force on the oxygen ion. 
Anode directed electromigration of oxygen in 
yttrium [17] and /3-titanium [18] has also been 
reported. The apparent increase in Z* for the 
oxygen-free material impregnated with hydro¬ 
gen is quite surprising, since it is not due to an 
increase in the difFusivity. The latter possi¬ 
bility was investigated by Rothman and 
Peterson [19] at our request with negative 
results. The only other alternative would 
appear to be the influence of a gradient in the 
hydrogen caused by the electric field which in 
turn enhances the driving force on the self 
atoms. Possibly a gradient in the hydrogen 
density gives rise to a polarization reinforcing 
the impressed electric field. Additional experi¬ 
ments at various ambient hydrogen partial 
pressures are planned with a view to explore 




Fig. 6. Photomicrographs of anode (a) and cathode (b) regions 
adjacent to the specimen (EH 1) center; magnification ~ 100 x. 
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further the influence of the interstitial on the 
self-electromigration in silver. 
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APPENDIX 

Effect of conduction losses on temperature determination 
We calculate here the temperature difference between 
the hollow cylindrical specimen and the ceramic tube 
housing the thermocouple. This difference arises because 
of conduction losses in the latter. In the steady state, the 
divergence of the heat efflux due to conduction in the 
ceramic tube as well as in the thermocouple wires is 
equated to heat influx due both to gas conduction and 


radiation. The convection effects are neglected since the 
gap between the two coaxial cylinders is very small, 0-12 
mm. Furthermore, the smallness of the gap enables one to 
write the radiation term in a rather simple form. With 
these approximations, , 


--j- (K r A c +2K,A t ) 
ax 


Off. 

dx 


2t tK„ 
In (rjr e ) 


(T„~T r ) 


+ 


2 rtr m a 


(l/ er +l/ em -l) 


(7V-7V) (A-l) 


where the subscripts c.txi.m refer to the ceramic, the 
thermocouple wires, the argon gas and the metal, respec¬ 
tively. K.A.r and e are respectively the appropriate 
thermal conductivity, cross-sectional area, radius and the 
emissivity. The first term on the right refers to gas con¬ 
duction and the second one to radiant heat exchange 
between the two coaxial cylinders (see CHAPMAN, 
Heat Transfer, MacMillan, New York (1967). 

Next we approximate (TV-7V) by 4[ (T m + T C )I2] 3 
IT,,, — T,.) and take for the various thermal conductivities 
the values at 1000°K, the temperature midway between 
the center and the end of the sample. For example, K, 
- 0 0065 (mullite). K, ~ 0-127 (Pt-Ptl0%Rh) and K„ 
~ 10-28x I0 _l> cal/sec degcm[20|. For the experimenlail 
values. A,, (4-9 x 10 2 cm 2 ). A, (1-267 x 10 4 cm 2 ), r„ 
tO-159 cm), r, (0-147 cm), and for reasonable values of e,. 
(- 0-78) and e„,(- 0-1). equation (A-l) becomes: 


(3-55 x 10- 


dX 

d* 2 


= (86-5 x 10 4 + 4-81 x 10 4 )(T„— r«.) 


or 

d 2 T 

(T„,-T,) =0-0389— f. (A-2) 

dx 2 

The axial distribution of temperature in a resistively 
heated-wire (or a hollow cylinder), with the ends held at a 
fixed low temperature 7 ,„ is a cosine function of position 
on the axis if radiation and convection losses are neglected 
in comparison to heat conduction in the wire. The cosine 
function satisfies the heat equation. 

K m J^ - -fp(T) (A—3) 

where K m is the metal thermal conductivity, J the Joule- 
Kelvin coefficient, j the current density and p{T) the 
resistivity taken as proportional to the absolute tempera¬ 
ture. e.g. p(T) - T7°K The temperature at any point 
in the sample can thus be written as follows: 

T m (x) — 7V 1 cos)3x (A-4) 

where f3 2 =ffAIK m J and T m ° = T m (x = 0) = the center 
temperature. Finally, taking the temperature distribution 
in the ceramic tube to be of the same form as in the 
sample, 

T r (x) = Tf cos fix. (A-5) 

Combining equations (A-2), (A-4) and (A-5) we get, 
( T„° - Tf) = 0-0389 /3 2 T r °. 
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For the experimental values of fi 1 (~- 0-67 cm' 1 ) and 
7? =» 1173°K., 

Ml, - T„°— T° « 30 5 deg. 

This value of ATS,,, is only about half of the experimental 
result (~ 60°C). However, in addition to the number of 
approximations involved in the calculation and the un¬ 
certainties in the Handbook values of the various physical 
parameters, the uncertainties in the measurement of r m 


and r r are such that the difference, (r m -r c ) » ln(r M /r c ), 
may vary by a factor of — 3, Thus it is possible to bring 
the calculated A IZc in good agreement with its observed 
value simply by adjusting the ratio, (rjr r ), within the 
experimental limits on r„ and r e (see equation (A—1) and 
(A—2)). Moreover, it is conceivable that the calculation 
underestimates the actual A7^, r because of the implicit 
assumption that the thermocouple junction and the 
ceramic tube are at the same temperature. 
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MIGRATION SOUS L’EFFET D’UN CHAMP 
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Rfaumi-Nous rappelons brievement les racemes theories concernant l’effet d’un champ electrique 
sur la migration des defauts ponctuels. Afin de relier les differentes grandeurs physiques du phenom- 
6ne, nous avons exprime le flux d'un solute en fonction des ‘valences efficaces’ introduites dans la 
Thermodynamique des Processus Irreversibles. Les resultats experimentaux montrent que les atomes 
migrent vers l’anode avec des valences efficaces de 1‘ordre de -16 pour 1,0 Ag et -95 pour l2, Sb vers 
900°C. Des estimations sur les r6sistivites entrant en jeu dans les differentes theories ont 6te faites 
afin de comparer leurs predictions avec les resultats experimentaux. 

Abstract-The most recent theories relative to the influence of an electric field on the migration of 
point defects in metals are briefly recalled. In order to relate the various physical constants of the 
phenomenon, the flux of a solute is expressed in terms of ‘effective valences’ defined in Thermody¬ 
namic of Irreversibles Processes. Experimental results show that atoms migrate towards the anode 
with effective valences of -16 and -95 respectively for ” 0 Ag and ,2 ‘Sb at temperatures in the region of 
900°C. Estimates were made on the resistivities that should be used in the different theories in order 
to compare their predictions with experimental results. 


INTRODUCTION 

De nombreux travaux ont ete publies 
relativement a 1’efFet d’un champ electrique 
sur la mobilite des ions metalliques. La quan¬ 
tity mesuree cst la valence efficace Z*, 
grandeur qui integre tous les effets du champ 
electrique: effet electrostatique: une charge Z 
e placee dans un champ electrique E est sou- 
mise a une force F, s - = Z e E, oil e est la valeur 
absolue de la charge de l’electron et Z la 
valence de I’ion; effet des porteurs de charge: 
l’interaction des porteurs avec les ions est 
equivalente a une force F e . Si les porteurs sont 
des electrons cette force sera de sens oppose a 
la precedente. La valence efficace Z* se 
definit a partir de la force resultante 

F« = F ' s + F P 

Z* est telle que: F« = Z* e E. 

Plusieurs auteurs explicitent cette force 


tCe travail fait partie d’une thise de Doctorat 
Sciences qui sera presentee a la Faculte des Sciences 
d’Orsay par’N. V. Doan. 


resultante F* en termes de resistivite dans le 
cas oil les porteurs de charge sont des elec¬ 
trons. Le tableau suivant (Tableau I) groupe 
les differentes expressions obtenues. 

Les differences proviennent des hypotheses 
de depart [1-3]. 

La mesure experimentale de Z* permet de 
determiner Ap pour chacun des trois modeles; 
si d’autre part on peut calculer independam- 
ment cette quantite il est alors possible de 
preciser la validite relative des hypotheses 
faites par ces differents auteurs. 

Dans la premiere partie nous rappellerons 
brievement comment s’introduisent les val¬ 
ences efficaces d’un point de vue thermody¬ 
namique. A l’aide des equations phenomen- 
ologiques nous exprimerons les differents flux 
de mature et nous discuterons du moyen de 
mesurerZ*. 

Dans la seconde partie nous decrirons le 
dispositif experimental utilise et nous donner- 
ons les resultats obtenus. 

Enfins dans la troisieme partie nous compar- 
erons nos resultats avec les valeurs calculees 
de A p. 
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Tableau 1 


Modules 

Force exercee sur Pion du 
solvant de valence Z 

Force exercee sur l’ion du 
solute de valence Z' — Z + z 

FiksM 

-Ze E[ ,00V “-.] 

^EfOOV- ,] 

1 P» J 

Bosvicux et 
Friedel[2] 


--ZeEl— [V d + 4p , * + *’] 

2 1 p 0 



-d+y.)} 

Huntington 

(31 


1 riooAp ,z+i ’ i 

—-ZeE ---2 

2 L p„ J 


Ap' zi est I’exccs de resistivite dii a \% d’lons du solvant en position de col 
Ap lz<jl est Peaces de resistivite du a \% d'ions du solute en position de col 
A/i 1 -’ 1 est l’exces de resistivite du a 1 r /r d'ions du solute en position stable 
/>„ la resistivite du solvant pur et f„ tine fonction caracteristique du solvant. 


1. THERMODYNAMIQUE DES PHENOMENES DE 
TRANSPORT SODS CHAMP Et.ECTRIQOE 

(1) Expression des flux 
Nous nous bornerons a considerer un alliage 
metallique A-B oil la diffusion est purement 
lacunaire et qui est soumis a un champ elec- 
trique E. Les seuls phenomenes irreversibles 
observes seront done des flux de matiere, 
des flux de lacunes et des flux d'electrons (on 
suppose que la conduction est electronique). 

Si tous ces flux sont colineaires on montre 
[4] que: 


oit ytt, est le potentiel chimique de I’espece /; 
q, sa charge: 0 le potentiel eleclrique au point 
considere, E = — b0/dx\ si i — L\ q L ~ 0; si 
i = e, q,, = — e, p.,. = E f (energie au niveau de 
Fermi) et dpjdx — dE h ldx - 0. 

On definit thermodynamiquement les 
valences efficaces Z. ( *et Z*. par les relations 
suivantes[5] 

E A ? E A a Z a * L aB Z b * (1-3) 

EhF E BA Z ,(* + E BB Z B * . (1—4) 


Ja = 


L aa d, 
La p d 


Lab d / v 

— £<#»*-#»,) 


T dx r 


(3-D 




Eg a d L bf , d 


Erf j 
T dx* 


( 1 - 2 ) 


Les flux J A et J 0 sont mesures ici dans un refer- 
entiel li6 a la vitesse atomique moyenne v. 
Dans ce referentiel 


Ja + J« = — J t (flux de lacunes) 



ixi + q t 0 U = A,B,Leie) 


En utilisant ces deux relations et en tenant 
compte des expressions des coefficients de 
diffusion intrinseques D A et D B on montre, 
qu’a la iimite des faibles concentrations de B 
dans A , le flux J B s’ecrit: 


I - ^ , dn H , "bDU . ,y , 

Jfl E) b , ^(q B + Z B , q e ) 


+ l j M iq A +Z A .q e ) 1e (1-5) 

Lbb J 


ou Dj, = (kE BB jn B ) est le coefficient d’hetero- 
diffusion de B dans A, n B est le nombre d’ions 
B par unite de volume. 

Nqus avons suppose, pour obtenir (1-5), 
que /Ur, est negligeable en tout point du systeme 
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c’est a dire que ies iacunes sont partout a 
P6quilibre thermodynamique. On peut verifier 
[6,7] que ( L B JL HB ) < 1. 

D’autre part, dans lecas particular del’elec- 
tromigration de l’Antimoine dans l’argent, 
\q„ + Z B .q P \ > \q A + Z A .q e \. Nous negliger- 
ons done (L BA IL HB ) (q A + Z A - q e ) par rapport a 
( q K + Z H . q e ). 11 vient: 

i B = - D t.~ + ^~{qn + z „- 0 - 6 ) 


Cas particulier oil B = A* (isotope de A) 
e'est a dire quand on etudie I’influence d’un 
champ electrique sur la migration des atomes 
de solvant. Rempla^ons B par A * dans (I -5) il 
vient: 


J,* = 


, dn. 


dx 


- + - 


kT 


-iq A + Z, r qA 


( 


1 + 



(1-7) 


On peut montrer[4] que: 1 + L A .JL A - A - — 1 If 
oii/est Ie facteur de correlation pour Pauto- 
diffusion; 
done: 


d; 


dn A * , n A 'D\-, , „ 

r 17 + ~fkT < ‘ l ‘ + Z ^‘ l ' )E - 


( 1 - 8 ) 


(2) Equation de Fick generalisec 
Ecrivons ('equation de conservation pour 
B ou A* dans le referentiel lie a la vitesse 
atomique moyenne 


avec 


D An, 

dt 1 dx 2 f dx 


D ' i =~j,{q i + Z,*q e )E 


(1-9) 


n ( {x,t) = 


2V%ft CXP 


(x-D'dY 

4Dft 


0 - 10 ) 


Qi est la quantite de i deposee par unite de 
surface. " . 

Les abscisses x sont mesur6es dems le 
referentiel lie a la vitesse atomique moyenne 
done par rapport a la trace de la soudure qui 
materialise ce referentiel, n { (x,t ) est maximum 
quand x = D'.t. La connaissance de l’abscisse 
du maximum de. la courbe permet done 
d'atteindre directement £)' done Z,*. 


(3) Remarque sur les valences efficaces 

On a defini dans I’introduction la valence 
effteace Z* par F« = Z*e E. Cette definition 
est en accord avec ies phenomenes observes 
en electrolyse: un ion positif va vers la cathode 
alors qu’un ion negatif va vers I’anode. Rel- 
ions-la aux valences Z A - ou Z#. definies 
thermodynamiquement. 

On sait, d’apres la relation de Nerst- 
Einstein qu’a une force F correspond une 
vitesse moyenne des particules V telle que: 


V 


OF 

kT 


oil D est le coefficient de diffusion. Le flux J 
resultant est: J = Vn, n est le nombre de par¬ 
ticules par unite de volume qui sont soumises 
a la force F. Avec nos notations, a la valence 
Z* correspond le flux: 

J' = ~7Tt' eZ*E. 0-11) 

Ji*l 

Ceci n’est que la partie du flux due a l’effet 
du champ electrique, on peut 1’identifier 
avec le deuxieme terme de (1-6) ou de (1-8). 


i etant soit/4* ou B\f A —felf B = 1. 

On peut resoudre cette equation pour la 
geometrie et les conditions initiates suivantes: 
une couche mince de A * ou de B est deposee 
entre deux echantillons massifs de A (geom¬ 
etric dutype ‘sandwich’). Dans ces conditions: 


11 vient: si i = B; Z* = Z„ —Z B > 

oil Z„ est la valence du solute B, par exemple 
+ 5 pour Pantimoine; 

7 — 7 * 

z * = ^r d - 
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ou Z A est la valence du solvant, par exemple 
+ 1 pour I’Argent. Dans la suite nous ne con- 
sidererons que la valence Z* que est celle 
couramment utilisee dans la litterature. 


(4) Expression de Z* en fonction des para- 
mitres mesurables 

On voit facilement que si x max est l’abscisse 
du maximum de la courbe n,(x) on a: 


Z* = 


k Tx max 
eD t A tpJ 


( 1 - 12 ) 


j est la densite de courant: p„j = E. 

Remarque: Si 1’on ne considere que la val- 
eur absolue de j, E est positif done le sens 
positif sur 1’axe des x ext impose de l’anode 
vers la cathode. x max est done positif si le 
maximum est entre la trace de la soudure et la 
cathode et negatif s’il est entre la soudure et 
I’anode. 


2. DISPOSITIF EXPERIMENTAL-RESUUTATS 
POUR u«Ag ET 124 Sb 

(1) Dispositif experimental (voir Fig. 1) 

Sur des cylindres d’Argent de 10 mm de 
hauteur et de diametre compatible avec la 
puissance du generateur utilise nous deposons 
par evaporation sous vide soit 110 Ag soit ,24 Sb. 
L’Argent, foumi par Jonhson Matthey contient 
environ 100 ppm d’impuretes. Les cylindres 
sont prealablement recuits sous vide pendant 
20 hr a 800°C. Apres l’evaporation ils sont 
soudes deux par deux en presse[8] ou direc- 
tement dans l’appareil de champ electrique 
en plagant les faces actives l’une contre l’autre. 
Nous disposons de deux enceintes de travail 
avec electrodes verticales refroidies a l’eau, 
l’une alimentee par un generateur de 500 
amp, l’autre par un generateur de 2000 amp. 
Ces deux installations ont chacune un systeme 
d’asservissement qui permet de maintenir la 
temperature a±2°C. Dans les deux cas les 
6chantillons sont places verticalement entre 
les electrodes, la liaison entre echantillon et 
electrodes est r6alis£e par des feuilles souples 
d’Argent bien recuit. 

'bK*, 



L’enceinte du generateur de 2000 amp a 
une electrode mobile (l’etancheite est assuree 
par un soufflet metallique Tombac’). Ce dis¬ 
positif permet de souder les deux extremites 
de I’echantillon aux feuilles d'Argent pendant 
les premieres minutes de I’essai apres quoi on 
remonte legerement l’electrode mobile pour 
eviter toute contrainte excessive. Nous avons 
verifie, en mesurant la distance entre des 
marques superficielles, qu’avec ce montage il 
n’y a aucune deformation mesurable de 
I’echantillon. Bien entendu, pendant la sou¬ 
dure, I’echantillon etant maintenu entre les 
deux electrodes, sa section augmente. Cette 
augmentation de section est reguliere si 
l’echantillon est bien vertical, (voir Tableau 2) 
L'enceinte du generateur de 500 amp n’a pas 
d’electrode mobile la fixation de l’echantillon 
aux feuilles d’Argent se fait par 1’intermediaire 
de petites brides en Argent. 

Tous nos essais ont ete effectues sous argon 
purifie sur du Magnesium fondu. La pression 
d’Argon, de I’ordre de 1 atm, limite l’evapora- 
tion de 1’Argent. Deux trous de 0,7 mm de 
diam&tre et de 1, 5 a 2 mm de profondeur sont 
perces dans l'echantillon de part et d’autre de 
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Tableau 2. Contr&le de 1’absence de deformation 




Distance entre les marques superficielles 
mesuree a temperature ambiante (en p) 

T 

/ 

Avant l'essai Aprfes soudure Apr6s 

('"C) 

(sec)10~ s 

traitement 

784 

6,018 

11.360 11.023 11.025 

899 

2,517 

12.896 12.770 12.768 


la couche active a environ 3 mm de celle-ci. 
Dans chacun d’eux on place l’extremite d’un 
couple de 0,5 mm de diametre du type Ther¬ 
mocoax’ gaine en acier inoxydable. L’un est 
utilise pour la regulation, l’autre permet 
d’evaluer le gradient de temperature. Celui-ci 
est toujours tres faible (inferieur a 20°C/cm). 
L’effet Soret est done tout a fait negligeable. 

La temperature indiquee par les couples 
n’est qu’indicative car nous pouvons deter¬ 
miner avec precision la temperature moyenne 
de l’essai par la mesure du coefficient de 
diffusion [9], soit £>**, soit £> A h “., dont la varia¬ 
tion avec T est bien connue[10, 11]. La 
temperature ainsi calculee est toujours legere- 
ment superieure a celle des thermocouples. 
La difference n’a jamais excede 10°C. 

Les echantillons sont alors decoupes au tour 
ou dans certains cas a la machine a abraser [ 12] 
apres avoir ,ete convenablement alignes. Cet 
alignement est realise a±15/x. L’epaisseur 
des tranches enlevees est determinee par 
pesee, la position de la trace de la soudure est 
determinee optiquement (on revele facilement 
l’interface de soudure par attaque chimique 
dans un bain Na CN-H 2 0 2 ). L’activite des 
copeaux est mesuree avec un ensemble de 
comptage y a 400 canaux prealablement regie 
pour 1’energie du rayonnement a mesurer. 

Pour determiner x max on peut utiliser une 
methode graphique ou celle preconisee par 
Gilder [9]. 

Si t s est le temps de soudure, D s le coeffici¬ 
ent de diffusion correspondant a la tempera¬ 
ture de la soudure, f la duree de l’essai et D le 
coefficient de diffusion on a: 



ou p est la pente de la droite Log (Activite) = 

f\x~X max) 2 - 

Connaissant D on en deduit: 

7(°K) =-2- 

' ; R Log (Do/D) ’ 

Q etant I’energie d’activation et D 0 le facteur 
de frequence. 

D’apr^s les valeurs publiees dans le Hand¬ 
book of Physics nous avons utilise pour loi 
de variation de p 0 (argent) avec T: 

Po(T) = 1,48 + 0,69.10~ 2 [T — 273] en pSl — cm. 

Enfin pour tenir compte de la variation de 
section de l’echantillon (dilatation plus ecrase- 
ment pendant la soudure aux lames d’Argent) 
nous avons utilise comme coefficient de dilata¬ 
tion lineaire de 1’Argent 2, 35 10~ 5 /°C. Si 
done S 0 est la section de l’echantillon a la 
temperature ambiante r 0 on a: 

S(T) = 5 0 [1 +7,05. 10-»(7-T 0 )] 

5(7) etant la section a la temperature T de 
l'essai. 

(2) Resultats (voir Figs. 2-6) 

Les Tableaux 3 et 4 groupent les resultats 
obtenus. Sur la Fig. 2 nous avons porte Log 
(vlj) en fonction de 1/7 pour les 7 essais 
relatifs a l’antimoine ou V est la vitesse de 
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a 5 9 9.5 lOy^ 


Fig. 2. Variation de Log(v/v) en fonction de 1 IT. 

deplacement du maximum et j la densite de 
courant. D’apres(l-12)on voit que: 

V _ n 'PaZ* 
j u ~kf~- 

La variation de (VIj) est due principalement a 
D. Si done on neglige la variation du terme 
(p 0 Z*lT) le logarithmc de ( V/j ) en fonction de 
1 IT doit etre sensiblement une droite de pente 
— Q/R. L’energie d’activation trouvee est 
egale it 38, 4 keal. L’accord est tres bon avec 


les valeurs de Slifkin et al[13,10} respective- 
ment egales a 39,4 et 38,4 keal. Pour 1’Argent 
110 1’energie d’activation trouvee par cette 
methode est beaucoup trop faible (30 keal au 
lieu de 45). Remarquons que le domaine de 
temperature pour les quatre essais relatifs a 
1’argent n’est que de 56°C, ce qui est peu pour 
determiner valablement une energie d’activa¬ 
tion. Notre valeur moyenne de Z* — — 22 est 
du meme ordre de grandeur que celle deter- 
minee par Ho et Huntington[14] —25 et 
celle determinee par Kuz’menko[15]-27. 
D'apres les differentes theories proposees 
Z* devrait, en gros, varier comme l/p 0 si on 
admet que Ap ne varie pas beaucoup avec T. 

11 est difficile de se prononcer dans notre 
cas. Pour l’Antimoine, si la variation de Z* 
avec T est verifiee pour quatre experiences 
realisees au dessus de 850°C, elle est moins 
evidente pour celles faites a plus basses 
temperatures; mais on peut penser que, en 
considerant les courbes de penetration, la 
diffusion dans les joints de grain donne lieu a 
des valeurs apparentes trop faibles de Z*. 
Quant a 1’argent, si la variation de Z* parait 
tres nette, on peut la mettre en doute etant 
donne que l’energie d’activation de V/j est 
trop faible par rapport a celle attendue. 
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Fig. 5. Courbe tie penetration de I24 Sb(no. 2). 


3. COMPARAISON ENTRE LES 
RESISTIVITES MESUREES ET CALCULEES 

En utilisant la methode des pseudo-poten- 
tiels [16], comme l’ont deja fait Huntington et 


a/. [17] pour 1’aluminium et le cuivre, nous 
avons pu evaluer les differents termes A p. 

Pour le calcul de A p (Z) nous avons pu tenir 
compte de la relaxation des ions autour de 
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Tableau 3. Valences efficaces de no Ag dans Ag 


T 

<°C) 

Temp. 

(sec) 10-* 

Intensity 

(amp) 

Section 

(mm 1 ) 

(/*) 

D 

(cmVsec)IO 0 

Z* 

±tsZ* 

833 

5,76 

515 

7,9 

-60 

0,76 

-27,7 

6,9 

867 

3,6 

435 

5,51 

-65 

1,4 

-21,5 

5,8 

875 

4,32 

460 

8,79 

-55 

1,6 

-19,9 

5,2 

889 

6,05 

475 

5,62 

-125 

2.0 

-16,1 

2,7 


Tableau 4. Valences efficaces de 124 Sb dans Ag 


765 

5,184 

1.720 

29,8 

-292 

1.42 

-90,6 

8,7 

784 

6,018 

1.600 

31,4 

-467 

2,00 

-100,8 

6,5 

803 

4,961 

1.655 

25 

-577 

2,77 

-84,1 

7.2 

852 

2,418 

427 

7,9 

-619 

6,07 

-102 

7,0 

892 

2,517 

1.630 

25 

-1,295 

10,8 

-95,8 

2,9 

901 

2,367 

1.805 

28,7 

-1,326 

12,3 

-95,1 

3,4 

933 

1,692 

1.450 

25,3 

-1,215 

19,0 

-86,5 

3,7 


l’atome du solvant en position de coi en utilis- 
ant les valeurs de Johnson et Brown [18]: pour 
celui de Ap (Z+ * ) c’est k dire la resistivite de 
l’antimoine en position de col dans FArgent, 
nous avons dti n^gliger cet effet n’ayant aucune 
valeur a notre disposition. Les deux Tableaux 
et 6 rassemblent les valeurs calculees et 


celles obtenues a partir des valeurs experi- 
mentales de Z* suivant les trois modeles 
de Fiks, Friedel et Bosvieux, et Huntington. 

11 est bien difficile de conclure d6finitive- 
ment en faveur de tel ou tel module. MaJgre 
tout il nous semble que Faccord est meilleur 
avec celui de Bosvieux et Friedel. 
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Tableau 5. Cas de Felectromigration de 1I0 Ag 
dans Ag 


Temp. 

(°C) 

Ap'^Fiks 

Ap“> 

Bosvieux , 
Friedel 

Ap“> 

Huntington 

Ap<® 

calculde 4 

833 

2,1 ±0,5 

3,9 ± 1 

4,2 ± 1 

2,47 

867 

1,7 ± 0,5 

3,1 ±0,9 

3,4 ±1 


875 

1,6 ±0,4 

2,9±0,8 

3,2 ±0,8 


889 

1,3±0,3 

2,3 ±0,4 

2,6 ±0,6 



Tableau 6. Cas de Felectromigration de I24 Sb dans Ag 


Temp. 

(°C) 

Ap‘ ,, + Ap l * + * ) 
Bosvieux 
Friedel 

Ap ( ' : + Ap (1+Z> 
calculee 

Ap a+ *> 

Fiks 

Ap“ M) 

Huntington 

Ap«+» 

calculee 

765 

12,2± 1,2 

16,4 

6,2±0,6 

12,4± 1,2 

9,2 

784 

13,8 ±0,9 


7,0 ±0,5 

14,0± 1,0 


803 

11,7 ± 1,0 


5,9±0,5 

11,8 ± 1,0 


852 

14,9 ±0,6 


7,6 ±0,3 

15,2±0,6 


892 

14,5 ±0,5 


7,4 ±0,2 

14,8 ±0,4 


901 

14,5 ±0,5 


7,4 ±0,2 

14,8 ±0,4 


933 

13,6 ±0,6 


6,9±0,3 

13,8 ±0,6 



D’autre part, il est interessant de remarquer 
que les valeurs experimentales Ap <z+Z) deduites 
des modeles de Bosvieux et Friedel, et de 
Fiks ne sont pas tres differentes de la valeur 
experimentale de Linde[19] 7,26/x 0 cm/% 
at., valeur relative a la position stable Ap (i) . 

Ce qui tendrait a prouver que la resistivite 
de 1’antimoine varie tres peu eu cours d’un 
saut. 

Ceci a egalement &t6 observe par Hehen- 
kamp[20] et Kuz’menko [21] pour l’antimoine 
respectivement dans l’Or et dans le Cuivre. 
Par contre Gilder [19] a obtenu des resultats 
tres differents pour l’Antimoine dans 1’Or: 
il trouve que Ap <z+Z) est environ deux a trois 
fois plus grande que Ap <z) . 

Signalons que Gilder a etudie l’electromigra- 
tion de l’Antimoine dans l’Or par la technique 
de la couche mince, alors que Hehenkamp 
utilise un alliage Au-Sb entre deux 6chantillons 
d’Or pur. 
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qui n'a pas manque de nous prodiguer conseils et encour¬ 
agements tout au long de ce travail. Nous remercions 
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PARAMAGNETIC DIFFUSE SCATTERIISp OF 
NEUTRONS BY A 90 Af.% MANGANESE 
COPPER ALLOY 

E. R. VANCE and J. H. SMITH 
Physics Department, Monash University, Victoria, Australia 

(Received 23 January 1969; in revised form 24 June 1969) 

Abstract —Measurements of the paramagnetic diffuse scattering of neutrons by a 90 at.% y-MnCu 
alloy were made at temperatures ranging from 150“ to 600“K. The observed increase in scattering 
above the Ndel temperature yields a value of 1 -7 ±0-3 for the localized moment per manganese 
atom. 


I. INTRODUCTION 

Gamma manganese is unstable at room tem¬ 
perature, but the y-Mn structure can be re¬ 
tained in MnCu alloys which contain more 
than about 5 at.% of copper by quenching 
them from the 7 -phase field. These alloys be¬ 
come antiferromagnetic and undergo a struc¬ 
ture change f.c.c. -» f.c.t. (c/a < 1 ) when they 
are cooled through their transformation tem¬ 
perature, which increases with manganese 
content to an estimated value of 540°K for 
pure 7 Mn[l]. 

Other properties of 7 Mn have also been 
deduced by extrapolating the appropriate alloy 
data. From measurements of the specific heat 
of MnCu alloys, Zimmerman et al.[ 2] have 
suggested that the entropy change associated 
with the magnetic ordering in 7 Mn is only half 
that expected assuming a localized moment 
model, and that a spin density wave description 
is more appropriate to the discussion of anti¬ 
ferromagnetism in 7 Mn. However, the inter¬ 
pretation of the specific heat curves of 
magnetic materials is often controversial, as 
in the studies ofa-Mn[3,4], and Ni[5,6], and 
the arguments of Zimmerman et al. were by 
no means conclusive. 

The magnetic susceptibilities of 7 -Mn alloys 
with Cu[l] Ni or Pd[7] continue to increase 
when the alloys are heated above their Neel 
temperatures. No Curie-Weiss law behaviour 


is observed, and it has been suggested that 
these results are inconsistent with a localized 
moment model. However, additional experi¬ 
mental evidence for the presence of localized 
moments in paramagnetic materials can be 
obtained from measurements of the diffuse 
scattering of neutrons at low angles, although 
information about the spin coupling can only 
be obtained by energy analysis of the scattered 
radiation. 

Wilkinson and Shull [ 8 ] have shown that 
when a ferromagnetic or antiferromagnetic 
material is heated from a temperature which 
is low compared with its Curie or Neel point 
to a temperature well into the paramagnetic 
region, then the increase in the incoherent 
diffuse scattering of neutrons is given by 



assuming that the ionic moments are localized 
and due to spin only. 5 is the spin quantum 
number of each paramagnetic ion, 7 is the 
magnetic moment of the neutron./is the mag¬ 
netic form factor, and the differential scattering 
cross section is defined in terms of the intensity 
of the neutrons reaching the counter. 

Meneghetti and Sidhu[9] observed para¬ 
magnetic neutron scattering from MnCu 
alloys, with a maximum at 20 at.% Mn. With 
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further addition of manganese, the decrease in 
paramagnetic scattering corresponded with an 
increase in the intensity of a diffuse (100) re¬ 
flexion. This reached a maximum at 50 at.% 
Mn, and was explained in terms of short range 
magnetic order. 

Hicks and Browne [10] found an increase in 
the differential cross section of about 150 mb/ 
sr/at in the diffuse scattering of neutrons 
(A = 1-07 A) from an 85 at.% y-MnPd alloy 
in a direction 20 = 10 deg when the alloy was 
heated through its Ndel point. The scattering 
in this direction was at the edge of a large 
diffuse peak centred about (100) in the neutron 
diffraction pattern. They attributed this peak 
to magnon scattering but since spin wave 
theory is valid only at low temperatures, they 
invoked a quasi-static model to explain the 
increased diffuse scattering at 20= 10 deg 
when the alloy was heated above its Neel 
point. 

The diffuse (100) peak is not observed in the 
diffraction pattern of pure -y-Mn prepared by 
electro-deposition[11], but paramagnetic scat¬ 
tering measurements of this material are not 
possible since it decomposes rapidly when 
heated. In principle, measurements could be 
made in the high temperature range of stability 
of the gamma phase (1079-1140°C), but the 
results of this experiment would be difficult to 
obtain and analyse. 


However, by suitable choice of a y-man- 
ganese alloy and of the scattering conditions, 
the presence or otherwise of paramagnetic 
scattering in y-Mn could be inferred. 

90at.% y-MnCu was chosen because 
(a) the addition to y-Mn of 10% Cu produces 
only a small diffuse (100) peak in the neutron 
diffraction pattern of the quenched alloy (Fig. 
1); (b) the magnetic moment per Mn ion deter¬ 
mined at low temperatures by neutron diffrac¬ 
tion was almost as large as the value (2-4 ± 
0-lju. B ) estimated for y-Mn[l]; (c) the N6el 
point, 7\,, (400°K) was such that measure¬ 
ments could be made at temperatures well 
below this value, and also at temperatures 
sufficiently high in the paramagnetic region 
without decomposing the alloy [13]. 

2. EXPERIMENTAL METHOD 
The alloy was prepared by arc melting man¬ 
ganese (4N5) with copper (5N) in an argon 
atmosphere. The alloy was turned and re¬ 
melted several times to ensure thorough mix¬ 
ing, and the resulting as-cast ingot was cold- 
swaged to 1 cm dia. A cylindrical neutron 
diffraction sample 4 cm long was cut and sealed 
into an evacuated quartz capsule, then homo¬ 
genized for 4 days at 1000°C and finally 
quenched by breaking the capsule under water. 

Careful measurements were made of the 
diffuse scattering of neutrons (A = 1-07 A) in 





Fig. 1. Neutron diffraction pattern of a 90 at.% y-MnCu 
alloy at 300°K. The experimental background is shown by 
the broken line. 
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the direction 26 — 8 deg, with the sample main¬ 
tained at various constant temperatures (±5°K) 
in the range 150-600°K. The choice of scat¬ 
tering angle was very restricted and the direc¬ 
tion 26 = 8 deg was chosen for the following 
reasons (a) it was sufficiently remote from the 
(100) diffuse peak, the intensity of which is 
dependent on temperature [14]; (b) assuming 
that the magnetic form factor for Mn 2+ is 
applicable [ 11] the value of/ 2 in equation (1) is 
0-82, and any observed increase in the diffuse 
scattering above the Neel point would fall 
rapidly at higher angles; (c) at lower angles, 
the background scattering due to air and the 
vanadium windows of the temperature en¬ 
closure increases rapidly with decreasing 
scattering angle, and the separation of any 
paramagnetic scattering would be more diffi¬ 
cult; (d) low angle diffuse scattering from any 
clusters which might be produced when the 
alloy was heated would be of significance only 
at angles much lower than 8 deg[13]. 

3. RESULTS AND DISCUSSION 
The experimental results are shown in Fig. 
2. The experimental background scattering has 
been subtracted, and was estimated using the 
cadmium difference technique modified to take 
account of the scattering from the air in the 



Fig. 2. Temperature dependence of the diffuse scattering 
of neutrons from a 90 at.% y-MnCu alloy at 8 deg in 26. 
Points marked H refer to results obtained when the alloy 
was heated from room temperature. Those marked C refer 
to those obtained when the alloy was cooled from 600°K. 

The experimental background has been subtracted. 


path of the main beam and from the tempera¬ 
ture enclosure. 

The remaining scattering, due to the sample 
only, was normalized relative to itself at 26 = 
8 deg, assuming complete nuclear disorder. 

At temperatures below T N , the observed 
scattering at 26 = 8 deg will be due to contri¬ 
butions from crystal disorder scattering, mul¬ 
tiple scattering, isotope and spin disorder 
scattering. The largest contribution due to 
crystal disorder was calculated at 119 ±4 
mb/sr/at, and the multiple scattering was 
deduced by the method of Blech and Aver¬ 
bach [12] to be 15 ± 3 mb/sr/at. The isotope 
and spin incoherence scattering cross section 
was calculated as 34 ± 5 mb/sr/at. Tempera¬ 
ture diffuse scattering will be concentrated 
mainly about the Bragg peaks, as discussed 
below, and so will not contribute to the scatter¬ 
ing at 26 = 8 deg. Thus, below T N , the speci¬ 
men scattering has been calculated to be 
160 ± 10 mb/sr/at. 

We now consider possible increases in the 
diffuse scattering from the specimen at tem¬ 
peratures above T N . If it is assumed that the 
atoms vibrate independently, the temperature 
diffuse scattering increases with increasing 
scattering angle, and is given by 

Jg(T) = /» 2 [l-exp(-2 B'sin 2 6/X 2 )] (2) 

b is the average coherent scattering length 
per atom and W is the Debye-Waller factor. 
Assuming a Debye temperature ~300°K, the 
increased scattering at 26 = 8 deg on heating 
from 150° to 600°K would not exceed 1 mb/ 
sr/at. This is a maximum value since the 
atomic vibrations are not independent, and as 
mentioned previously, the temperature diffuse 
scattering will be concentrated about the 
Bragg positions. 

Two other possible contributions to the 
observed increase in low angle scattering 
were considered. We have found that when 
quenched y-MnCu alloys are aged at moderate 
temperatures (700-900°K), the manganese 
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atoms cluster prior to the precipitation of 
<*-Mn, and this process produces an irrever¬ 
sible increase in the scattering at low angles 
[13]. Measurements were therefore made both 
on heating and cooling to check whether any 
increase in scattering had occurred due to this 
effect, but no significant change was found 
(Fig. 2). The assumption of practically com¬ 
plete nuclear disorder is also justified by the 
results of the low angle scattering measure¬ 
ments of quenched alloys [13]. 

Another possible contribution to the in¬ 
creased scattering at 20 = 8 deg could arise 
from the temperature variation of the intensity 
of the (100) diffuse peak. However, measure¬ 
ments show that this intensity reaches a maxi¬ 
mum at the Neel point, but then decreases 
rapidly at higher temperatures[14]. 

The observed increase in scattering at 600°K 
in the direction 20 = 8 deg is therefore as¬ 
sumed to be due to paramagnetic diffuse 
scattering, and from equation [1], assuming 
that copper ions make no contribution, the 
localized moment per Mn atom is 1 -7 ± 0-3 /u. B . 

The assumption of an Mn 2+ form factor is 
justified by the relative intensities of the (110) 
and (201) magnetic peaks observed in the neu¬ 
tron diffraction patterns for the alloy and for 
•y-Mn[l 1]. 
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Abstract—The proton spin lattice relaxation time T, has been measured by an NMR pulse technique 
at 19-00 MHz as a function of temperature in the range 25°-500°C for a series of samples in the a, f} 
and y phases of titanium hydride. The relaxation mechanism in the a and y phases was governed 
primarily by hydrogen diffusion over most of the temperature range. The diffusional activation energy 
in the y phase was found to be constant with respect to the hydrogen concentration, having a value of 
U-7±0'4kcal/mole, and the attempt jump frequency was found to be proportional to the available 
local vacancies. The activation energy behavior is discussed in relation to a previously proposed model 
for hydrogen diffusion in titanium and the jump attempt frequency is compared to available data on the 
optical mode of the hydrogen vibrations. Evidence was found for a uniform distribution in the y phase 
when the ratio of hydrogen to titanium, x, is greater than 1-6 while clustering takes place at lower 
ratios. The low temperature y phase transition concentration at x = 1-6 was found to be related to the 
electronic structure from (T,), data. The conduction electrons were the primary cause of relaxation in 
the -y phase near room temperature and the contribution of this mechanism to the relaxation rate 
increased with increase in hydrogen concentration. (7,) P T ranged from 190±4sec-°K to 62-5 ±2 
sec-°K as x (the ratio of hydrogen to titanium atoms) varied from 1-55 to 1-90. The a + y, y phase 
boundary was found between 25° and 100°C. Diffusion parameters were measured for the a phase and 
the gradual transition from the a 4 - y to y region observed. The transition from the a + y to the /3 phase 
was observed and a heating-cooling hysteresis effect was displayed. T, for the p phase near 450°C of 
TiH„.7s was governed mainly by the conduction electrons and a value of (7,) r T = 58 ±5 sec-°K was 
found. 


1. INTRODUCTION 

The ability of the early transition metals to 
absorb large quantities of hydrogen to form 
metallic hydrides is well known [1]. These 
hydrides are generally non-stoichiometric and 
their phase diagrams have been established by 
metallurgical methods. The crystallographic 
structures depend on both hydrogen concen¬ 
tration and temperature, and may differ from 
that of the pure metal. One interesting feature 
of the transition metal hydrides is the relatively 
high rate of diffusion of hydrogen in the metal. 

*The research reported here has been sponsored in 
part by the Air Force Materials Laboratory through the 
European Office of Aerospace Research. United States 
Air Force Contract No. AF 61 (052)-904. 

tThis paper is based on part of a thesis to be submitted 
by C. Korn in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy, Feinberg School of 
Graduate Studies, Weizmann Institute. 


The hydrogen diffusion parameters depend on 
concentration, not only because of variation 
in the available jump sites but also because of 
the crystal structure dependence on hydrogen 
concentration. A convenient method of 
measuring hydrogen diffusion in hydrides is by 
nuclear magnetic resonance (NMR)[2-9], In 
the present study this method is employed to 
examine the diffusion properties of hydrogen 
in the different phases of the titanium- 
hydrogen system. 

Torrey[2] measured the spin lattice relaxa¬ 
tion time 7\ of hydrogen in titanium at a single 
concentration. Stalinsky et al.[ 3] have in¬ 
vestigated hydrogen diffusion in the y phase of 
titanium in the temperature range of about 
50°-150°C using NMR line narrowing. 
Spalthoff[4] performed similar measurements 
on a highly concentrated titanium hydride. 
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It is generally recognized that the Ti-H 
system includes the afh.c.p.), j8(b.c.c.) and 
ytf.c.c.) phases. The phase diagram, deter¬ 
mined principally by metallurgical methods, 
is presented in Fig. 1. In the present study 



Fig. I. The Ti-H phase diagram taken from McQuillan 
[15] and Lenning et al. [22]. The high temperature solid 
lines were obtained by McQuillan from temperature- 
pressure measurements, and the broken lines are extra¬ 
polations from these results. The ato«4y transition line 
was obtained by Lenning et al. using metallurgical 
methods. The solid y to a + y transition line was obtained 
in this study by NMR, and the dotted line is its extrapola¬ 
tion joined to McQuillans curve. A hysteresis effect found 
by Lenning et al., and confirmed in this study, is shown by 
the two horizontal lines representing heating (h) and 
cooling (c). 

we have measured the hydrogen spin- lattice 
relaxation time T , in all the phases over a 
wide temperature range, using the pulse 
NMR technique. The major factor in the re¬ 
laxation mechanism is that due to diffusion. 
Using the well-known formula [30] relating 
the diffusional relaxation time to the jump 
frequency, the diffusion parameters have been 
calculated. Thus we have been able to follow 
the changes in diffusion properties as related 
to the different crystal structures of the phases. 
Moreover, the changes provided us with in¬ 
formation os-the phase diagram. By separat¬ 
ing the diffusional and conduction electron 


contributions to the spin lattice relaxation 
time, information can be obtained on the 
electronic structure of the system. 

2. EXPERIMENTAL TECHNIQUES 

A. Sample preparation 

The titanium hydride samples were prepared from 
sodium-reduced titanium sponge obtained from Johnson 
Matthey Co. The surface was cleaned by heating the 
titanium to 950°C under dynamic vacuum conditions 
until less than 1 x 10" 5 mm Hg pressure was recorded. 

By exposing the titanium to hydrogen of purity higher 
than 99'995% and slowly reducing the temperature to 
ambient over a period of about 8-10 hr, hydrogen was 
gradually absorbed. In order to ensure homogeneity, 
cooling was stopped at a given temperature until no more 
hydrogen was absorbed and an equilibrium state was 
achieved between hydride and gas. This procedure was 
repeated at progressively lower temperatures. The 
amount of hydrogen absorbed was determined from the 
system volume and the measured pressure. A rough 
check on the relative concentrations was obtained using 
the NMR signal intensity. 

High hydrogen concentration hydrides were quite 
brittle and were easily crushed under argon using an 
alumina mortar and pestle. The fine powder was then 
passed through a standard 53 p. sieve and sealed into glass 
ampules containing argon at a pressure of about I at. 
Since samples having low hydrogen concentrations were 
not brittle, they were prepared by outgassing high con¬ 
centration powder and rehydriding to the desired con¬ 
centration. 

B. NMR measurements 

The spin lattice relaxation time 7j of the hydrogen 
nuclei was measured at 19-00MHz using a pulsed NMR 
apparatus described by Clark[l 1]. H, of more than 20G 
was obtained over a 0-5 cm 3 volume. This is about twice 
the low temperature line width. Signals were recorded 
using a box car integrator which sampled the beginning of 
the free induction decay for a small fraction of the spin- ~ 
spin relaxation time T,. The probe coil was in a crossed 
coil configuration, wound on lava, and placed within a 
heavy copper cylinder containing a Kanthal wire heating 
element. A temperature controller kept the temperature 
constant to within ±:0-2°C, although the overall accuracy 
of the temperature reading was ±10°C. The gradient be¬ 
tween sample and thermocouple positions was less than 
0'2°C over the entire temperature range. 

Most of the T, measurements were performed using a 
180°-90° pulse sequence. The first pulse flips the magnetic 
moment over completely. This is followed by a 90° sam¬ 
pling pulse, which is used to measure the exponential 
growth of the magnetic moment in the direction of the 
external field over about If decades as a function of time 
between the two pulses. The time between pulse pairs 
was taken greater than 10 T, except at low temperatures, 
where T, was very long and somewhat shorter times had 
to be employed. The temperature range covered was 
about 25°-500°C. At least 20 min was allowed for 
equilibrium temperature to be attained. 
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3. RESULTS AND DISCUSSION 

We shall discuss each region of the phase 
diagram separately. Concentration will be 
designated by the parameter *, giving the 
ratio of the number of hydrogen atoms to 
titanium atoms and identifying a hydride of 
formTiHx. 

A. They phase region 

1. Experimental results. The spin lattice 
relaxation time 7\ was measured as function 
of temperature for several concentrations of 
hydrogen; the results are shown in Fig. 2. The 
curves are smooth over the entire temperature 
range and all display a minimum typical of a 
diffusion-controlled mechanism [10]. At low 
temperatures, the curves are ordered accord¬ 
ing to decreasing concentration along increas¬ 
ing TV As the temperature is raised, the 
curves converge and finally reverse their 
order. 

2. Discussion of T, curves. In order to 
understand the behavior of these curves as a 
function of temperature and concentration, 
let us analyze the different contributions to the 
spin lattice relaxation. 


4»t 

Generally, several mechanisms contribute 
to the relaxation rate. Hydrogen diffusion 
must play a major role, since the T x curves 
display the characteristic minima. We desig¬ 
nate this part by (7",)^. In the present case 
of nuclei with / = i, the only other contribu¬ 
tion we have to take into account is the con¬ 
duction electron interaction ( T x ) e . Measure¬ 
ments of T x down to liquid helium temperature 
[12] show that relaxation due to paramagnetic 
impurities is negligible in the present case. We 
can fit all our data by assuming that T , is 
governed by the sum of the diffusional and 
electronic contributions: 

-1 = —!— + _L_ (1) 

r, (r,)< (r,)/ 

These mechanisms can be separated by mak¬ 
ing use of their different functional depen¬ 
dence on temperature. (T,), is governed by 
the Koringa relation[10]. 

(T x ) e T = const. (2) 

Assuming a correlation function of the form 
e~ l ", where v is the jump frequency, the 



Fig. 2. Temperature dependence of the proton spin lattice relaxation time T, of 
TiHx for various concentrations x in the y phase, x - 1-81 has been omitted for 
the sake of clarity. 
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standard expression for (7' J )rfis given by. 

l'^(jip+4+p) l3 > 

where we have written y — v/a>. y, is the gyro- 
magnetic ratio for protons, /(=i) is the proton 
spin, w is the angular frequency, and l k r k ~ 6 is 
summed over the distance between the hydro¬ 
gen nuclei. The terms corresponding to proton 
—T, 4T and T , 49 dipole interactions are orders of 
magnitude smaller and can be neglected. 
(T,) rf decreases as 1 ly for y 1 , increases as 
y for y ?> 4 and has a minimum at y = 1-624. 
Designating this minimum by (7,) rf mln we 
obtain: 

(7,) d = l-425(7 J ) d m,n ( T ^ ? + 4^)"' (4) 

The diffusion parameters are calculated on the 
basis of this expression. 

The diffusional and electronic contributions 
to 7, are separated as follows: For the low 
temperature region to the left of the minimum, 
where (7,) d is proportional to y and y = p/w = 
(Ko/w)e~V M ', we see that (7,) rt should vary 
logarithmically with the reciprocal of the 
temperature. We choose the value of the con¬ 
stant in equation ( 2 ) so that, with the help of 
equation ( 1 ), we do indeed obtain a straight 
line when {T^a is plotted logarithmically as a 
function of reciprocal temperature. This is 
illustrated for the case of TiH ,. 70 in Fig. 3. It is 
seen that a large portion of the relaxation 
mechanism is indeed due to conduction elec¬ 
trons in the low temperature region. 

We can now discuss the relative shapes of 
the 7\ curves of Fig. 2. The minima occur at 
higher temperatures for greater hydrogen 
concentrations. Since a minimum appears 
when the diffusion jump frequency approaches 
the NMR resonant frequency, we see that the 
diffusion Mis with increase in concentration. 
At low tiiijgteratures, the major relaxation 



Fig. 3. A typical illustration of how T, was broken upinto 
the conduction electron (T,) P , and hydrogen diffusion 
(T,) d , contributions. The experimental curve is designated 
by T,. Assuming (T,) f T - 132 sec-°K and using equation 
(1), we obtain a straight line for In {T,) d as a function of 
reciprocal temperature, both above and below the 
temperature for which T, is a minimum. 

mechanism is due to the conduction electron 
interaction. That this interaction becomes 
stronger at higher hydrogen concentrations is 
reflected in the fact that at these temperatures 
the curves are ordered according to decreasing 
concentration along increasing T,. As the 
temperature is raised and the diffusion relaxa¬ 
tion mechanism takes over, the curves con¬ 
verge and finally reverse their order, since 
diffusion is faster at lower hydrogen concen¬ 
trations. It is seen that 7, increases very 
gradually along decreasing temperature in the 
low temperature region until near 35°C, a 
faster increase than heretofore appears. This 
is probably a manifestation of the tetragonal 
deformation reported at this temperature [13]. 

Having separated the two relaxation pro¬ 
cesses, the 7i data can now be used to obtain 
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Fig. 4. Temperature dependence of the jump frequency v for proton diffusion in 
the y phase of hydrides having various hydrogen concentrations. A is a straight 
line drawn through the points obtained by taking the difference between the 
experimental values of v and the straight line extrapolation for x = 1-90. It may 
indicate the existence of an additional higher activation energy diffusion term. 


information on the diffusion parameters, 
distribution of the hydrogen in the titanium 
lattice, and conduction electron processes. 

3. Diffusion parameters of hydrogen in the 
y phase. Since y = p/cd, the values obtained 
for {T ,) rf permit v to be calculated directly as 
a function of temperature, using equation (4). 
The results are plotted logarithmically as a 
function of reciprocal temperature in Fig. 4. 
An Arrhenius-type relation of the form 

v — Ae~ E a ,kr (5) 

is obeyed. Ea is the diffusional activation 
energy and A is the diffusion frequency factor. 
E n is seen to be a constant, having the value 
117 kcal/mole for 1*3 < jc < 1-9 (Fig. 5). 
This result is in contrast with those obtained 
by Stalinsky et al. [3] who based their calcula- 



Fig. 5. The activation energy for hydrogen diffusion as a 
function of concentration. The data of Stalinsky et al.[ 3J, 
obtained from NMR line width narrowing measurements 
is shown for comparison. The line drawn through the 
Stalinsky et al. data is theirs, and its slope was used by 
Coogan and G utowsky [ 14] to obtain a model of hydrogen 
diffusion in y titanium hydride. 


tion of the activation energy on line width 
narrowing as a function of temperature. There 
are two significant differences between the 
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results. Firstly Stalinsky's values are con¬ 
sistently lower and secondly he finds that £„ 
changes with x. The assumed existence of this 
change was the basis on which Coogan et al. 
[4] developed their electrostatic model of 
diffusion in titanium hydride. The essential 
feature of this model is that the hydrogen 
atom contributes part of its electron to the 
titanium atoms when it enters the lattice. The 
properly shielded electrostatic interaction 
between the charged titanium and hydrogen 
yields the activation energy E a . By properly 
adjusting the shielding factor and the amount 
of charge each hydrogen atom is assumed to 
contribute to the titanium, presumably values 
of E„ can be derived which satisfy either the 
results obtained by Stalinsky et al., or the 
higher values obtained in this study. The con¬ 
stancy of E„ with x which we obtained is how¬ 
ever another matter. Since according to the 
theory, the charge contributed to the titanium 
should increase with the amount of hydrogen 
absorbed, E a is thus predicted to increase 
with x, contrary to our results. It is interesting 
to note with respect to this question that 
Pedersen et al. [9] obtained a decrease of E„ 
with x for hydrogen in tantalum. Siting the 
model of Coogan et al., they took this to 
support the view that the tantalum was 
positively charged with respect to the hydro¬ 
gen. 

The frequency factor A is plotted as a func¬ 
tion of 2 — x in Fig. 6. Since the maximum 
value of x is 2, 2 — x represents the empty 



available sites which the hydrogen can popu¬ 
late; A is directly proportional to this differ¬ 
ence for x larger than 1-6. It is therefore 
convenient to write A = (2- x)v 0 - For x less 
than 1 -6, A does not attain the magnitude 
expected from the linear relation. This may be 
taken as indicating that for x < 1-6, the hydro¬ 
gen atoms are not evenly distributed in the y 
phase but cluster somewhat so that the num¬ 
ber of adjacent available jump sites is not as 
large as might be expected. There is further 
support for this supposition, as we shall see 
later. 

The linear variation of A as a function of 
2 — x indicates that v 0 is independent of x. 
This is in contrast to the results of Stalinski 
et al. [3] who found r 0 to increase with hydro¬ 
gen concentration. Sakamoto et al. [15,16] 
performed total cross section measurements 
as a function of neutron energy on a series of 
titanium hydrides using thermal neutrons. The 
results show that the hydrogen motion is 
governed by a single Einstein frequency 
which is independent of hydrogen concentra¬ 
tion. This discrepancy with the results of 
Stalinsky et al. compelled Sakamoto et al. to 
state that the “apparently contradictory result 
may imply that the jump of diffusion atom is 
not solely related to the optical vibration fre¬ 
quency but is influenced by the environment 
in a complex manner”. The hydrogen cross 
section measurements are, however, in accord- 
with the results of this study showing v a to be 
independent of x, and making it unnecessary 
to invoke this explanation. 

Roughly speaking, we would expect the 
optical vibrational frequency to be of the same 
order of magnitude as the diffusional attempt 
frequency. Following the reasoning of 
Stalinsky et al. A may be written as 


where v„ 0 is the ‘true’ frequency factor, n is the 
number of neighboring sites the hydrogen can 
jufrtfr into and k(2 — x) is the probability that 
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such a site is vacant. For our case n = 4. We 
wish to compare v 0 ° with the optical vibration 
frequency v^. Taking the slope of the line in 
Fig. 6 , we find v 0 = 18 x 10 12 /sec or v 0 ° = 
9 x 10 12 /sec. The value of v 0p obtained by 
Sakamoto et al. [15,16] was 33 x 10 12 /sec so 
that v 0 ° and v m> are indeed of the same order of 
magnitude. 

From the jump frequency curves of Fig. 4, 
it can be seen that E a is constant over the 
entire temperature range for low values of x 
but deviates towards a larger activation energy 
in the upper temperature range as x approaches 
the value 2 (small deviation for TiH 1(jl , larger 
deviation for TiH im >). It is possible that 
despite the fact that the samples were sealed 
in small volumes, some outgassing does occur 
at high x and T. In order to account for the 
results obtained, outgassing of hydrogen to a 
pressure of about 10 atm near 450°C would 
have to be assumed for the volumes of the 
ampules employed. It is difficult to extrapolate 
the Ti-H partial pressure curves of McQuillan 
[17] for this region to see whether this is 
likely. 

The activation energy behavior at elevated 
temperature and high hydrogen concentration 
can also be explained by assuming an addi¬ 
tional diffusion mechanism to operate yielding 
a final diffusion equation of the form 


Ae~ B a lkT . On the assumption that A is pro¬ 
portional to the probability of a hydrogen atom 
finding an available free site, we concluded 
that A is proportional to 2 — x\ this would 
imply that as x -* 2, v 7 + 0. However, it is 
known from general diffusion theory that this 
is not the case, since there are always therm¬ 
ally produced vacancies. A vacancy will thus 
exist at a tetrahedral site either because not 
enough hydrogen was dissolved to fill all the 
sites (and such vacancies will exist down to 
T = 0°K), or because the site is a thermally 
excited defect and has a probability pro¬ 
portional to c~ £ f lkT of occurring, where E f is 
the vacancy formation energy. We can there¬ 
fore write A — y 0 [(2 — x) + ce~ B r lkT ]. Hence 

v = i' 0 [(2 —jc) + ce~ t 'f lkT xe~ £ a lkT 
= (2 — x)v 0 e~ £ a lkT + l>' 0 C~ E a lkT 

where E'„ = E,+ E a , giving an equation of 
type ( 6 ) with E’„ >E„. 

4. Distribution of hydrogen in the titanium 
lattice. T , is very sensitive to the relative 
position of the nuclei, through a sixth power 
dependence in the expression 2 k r ft ~ 6 in equa¬ 
tion (3). In fact, since ( T ,) tf mUl is independent 
of y, this parameter is a good check of theory 
with experiment. Equations (3) and (4) give: 


V = (2 — x)v n t~ l£ a lkT + v'ff - e 'a lkT ( 6 ) 


(W n = 


_to_ 

0-57y/ii 2 /(/+l)V-*- B 


(7) 


where E’ a > E„. At low temperatures only the 
first term is significant. When x approaches 2, 
this term becomes small enough so that the 
effects of the second term can be felt at high 
temperatures. A rough estimate of v' n er E ' JkT 
can be obtained from v — {2—x)v 0 e~ E a lkT by 
subtracting the values of the extrapolated 
straight line from the experimental curve for 
TiH,.go in Fig. 4. The results shown in the 
same figure lead to v' 0 e EJkT ~ 2 x 10 14 e -20, * r 
sec -1 . 

The origin of the second diffusion term may 
be explained as follows: We originally wrote 
the equation governing diffusion as v — 


The right hand side of this equation is known 
once the lattice sites are assumed. 

The gamma phase is f.c.c. Second moment 
[3] and neutron diffraction [18] measurements 
have located the hydrogen positions at the 
tetrahedral sites and these form a simple cubic 
sublattice with a lattice parameter half that of 
the titanium structure. In general, 2 k r k ~ 6 = 
8 402a -6 for a simple cubic lattice. If a 0 is the 
lattice constant of titanium, then a = aJ2 and 
2 k r k ~ 6 = 537-7ao -8 . Since the probability of a 
lattice site being occupied is x /2 if the hydro¬ 
gen distribution is uniform, on substituting the 
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appropriate constants, equation (7) becomes: 


U, ' d 1-042 jc 


where (7',) d m,n is in msec, w in radians/sec 
and ao in A. Taking into account the lattice 
expansion due to changes in concentration 
[19] and temperature [ 13] and the tempera¬ 
tures at which the (T i ) d min values occur, we 
can obtain a calculated curve of (Ti),r ml " as a 
function of x. This is shown in Fig. 7, together 
with the experimental values. Considering 



X" Atomic ratio H/TI 


Fig. 7. (7",) rf mln as a function of hydrogen concentration. 
The curve is obtained from equation (8), taking into ac¬ 
count the effect of hydrogen concentration and tempera¬ 
ture on the lattice parameter. 


that (Ti) d varies over many orders of magni¬ 
tude in the temperature range of our measure¬ 
ments, the fit is quite good. If we had assumed 
for example, that a large proportion of the 
hydrogen is located at the octahedral sites, 
there would be a huge discrepancy, with the 
theoretical (T t ) d mln values lying far below 
the experimental points. The small discrep¬ 
ancy that does appear can be ascribed to the 
simplifying assumption that (T x ) rf is governed 
by an exponential correlation function [20]. 

Although we can expect equation (1) to be 


off by a small factor, the relative values of 
(7^% mln as a function of x should follow the 
predated ones. This is confirmed for x > 1-6. 
«latpms region the experimental points do in¬ 


deed lie parallel to the theoretical curve. When 
x is less than 16, however, the experimental 
values of (T,) d tend downwards. This is what 
we would expect if we had clustering, since 
the stronger interaction resulting from a 
greater number of proximate neighbors results 
in a decrease of (T 1 ) d mln . Here we have a 
further indication of clustering when x < 1-6, 
while for x > 1-6 an even distribution of the 
hydrogen nuclei among the tetrahedral sites is 
confirmed. 

Torrey[2] measured 7’, as a function of 
temperature for a sample TiH I77 . He found a 
double minimum which he ascribed to two 
activation processes due to two interstitial 
sites, and which Coogan et «/.[ 14] explained 
by two different jump paths between tetra¬ 
hedral sites. No such double minima were 
obtained in our measurements for any of the 
concentrations in the y phase. Since Torrey 
measured his sample at alower frequency, we 
checked a sample ofTiH,. 70 at 10 00 MHz and 
still found no double minimum. However, we 
did observe this phenomenon in a sample that 
was not properly sealed and became oxidized. 
A close examination of our (T,) d curves does 
show some sort of break in the curvature 
(Fig. 8) but this is far smaller than the effect 
found by Torrey. 



Temperature (*C) 


Fig. 8. A closer view of (7"i) d near the minimum for 
various concentrations of hydrogen. The curves have 
been shifted with respect to each other to keep the dia- 
gr am small. The arrows point to possible breaks in the 
smooth curvature. 
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5. Conduction electron contribution to the 
spin lattice relaxation. As shown before, we 
can separate out the conduction electron con¬ 
tribution (7,) e to the relaxation process. The 
derived values of ( Ti) e T are plotted in Fig. 9 
as a function of x. The interaction is seen to 



Fig. 9. , Conduction electron contribution to the spin 
lattice relaxation time as a function of hydrogen con¬ 
centration. 


increase strongly with x and then level off. 
This increase in the interaction can be 
associated with a change in the number of 
electrons contributed to the conduction band 
as more hydrogen is added to the titanium. A 
detailed analysis of the (T,) e T behavior will 
be given elsewhere. 

B. The a + y to y transition region 

1. Experimental results. In order to follow 
the changes caused by a transition from the 
a + 7 region to the pure y region (see phase 
diagram of Fig. 1), 7 , was measured as a 
function of hydrogen concentration across the 
transition at two temperatures, 24° and 109°C. 
The results are shown in Fig. 10. 7, is con¬ 
stant within the experimental error for low x, 
rises somewhat at higher x, and then drops 
rapidly atx = 1 - 6 . 

2. Discussion. The generally accepted 
phase diagram of Fig. 1 does not establish the 
transition line from the a + y to y regions, 
although Sidhu et al. [18] have indicated that 
it should be located near x = 1 - 5. Below 125°C, 
practically no hydrogen is located in the a 
phase titanium, hence, if we designate by x 0 
the concentration at the phase transition line, 



Fig. 10. The spin lattice relaxation time T, at 24° and 
109°C as a function of hydrogen concentration. Note the 
change of scale. The constant value of T, for low values 
of x is ascribed to the existence of a single effective local 
hydrogen concentration in this region. The gradual rise of 
T, is explained by assuming that we have crossed the 
o + y toy phase line, so that the local hydrogen concen¬ 
tration is increased and the available neighboring jump 
sites are decreased resulting in slower diffusion and thus 
larger T ,. The rapid drop in T, is due to the conduction 
electron relaxation mechanism, which becomes stronger 
for increasing x, and indicates an ‘electronic’ change of 
phase at x — I -6. 

the entire a + y region below this temperature 
should consist of a mixture of pure a titanium 
and a y hydride of local composition TiHx„. 
This is verified by the curves presented in 
Fig. 10: 7, remains constant at low x since the 
hydrogen is always in the same local environ¬ 
ment TiHx 0 ; when x exceeds x 0 , the local 
environment changes, resulting in a corre¬ 
sponding influence on 7,. The 7, vs. x curves 
show that x 0 = F50 at 24°C and x„ — 1-33 at 
109°C. These values are transcribed onto the 
phase diagram of Fig. 1 to give the position of 
the a + y to y transition line. 

An overall interpretation of the curves can 
be as follows: Taking the curve at 109°C as an 
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example, for all x < 1-33, the hydrogen sits in 
a constant local concentration of TiH 133 . At 
x = 1 -33, all the pure a titanium has been used 
up and the entire material consists of TiHj.M. 
As somewhat more hydrogen is added, it does 
not distribute itself evenly, but as shown pre¬ 
viously, some clustering takes place. Diffusion 
slows down slightly as some of the available 
jump sites fill up, causing a small increase in 
T,. At x = 1*6, the hydrogen is distributed 
uniformly, and the strong conduction electron 
relaxation mechanism becomes dominant, 
causing a sharp drop in T,. TiHi.« is probably 
the low temperature phase transition composi¬ 
tion, where the phase is determined by the 
electronic configuration and is independent of 
thermal terms. Clustering takes place in the 
range between what might be an electronic 
controlled phase change at the composition of 
TiH, „ and the lower concentration thermaly 
induced phase transition. 

C. The a phase region 
1. Experimental results. T, of a sample 
TiHo os was measured as a function of tem¬ 
perature in the range 25°-430°C. From 25° to 
about 160°C, the values were practically 
identical to those of the low concentration 
gamma phase. Between 160° and 320°C it 
was impossible to derive a simple single 
value of T u since the spin magnetization did 
not decay exponentially. This is demonstrated 
by the non-linear character of the logarithmic 
plot of the signal amplitude as a function of 
time between pulses (Fig. 11). Above 320°C, 
the nuclear spin magnetization again followed 
a simple exponential decay pattern and single 
values of Ti could be obtained. 

2. Discussion. The solubility of hydrogen 
in the a phase is negligible at temperatures 
below 125°C and increases to 8 at.% at 320°C. 
The sample of TiH 0 08 used in these measure¬ 
ments contained the maximum amount of 
hydrogen in the a phase; even under these 
conditions, the signal to noise ratio was poor, 
especially at high temperatures. Below 125°C, 
hydrogftn is actually situated in the y 



Fig. II. The change in signal amplitude as a function of 
time between pulses for a sample TiH,,, s . At low tempera¬ 
tures, almost all of the hydrogen is in the y phase, result¬ 
ing in a single T , as evidenced by a straight line. Increas¬ 
ing the temperature allows more of the hydrogen to dis¬ 
solve in the a phase, giving two T,’s (for the a and y 
phases respectively) and increases the curvature of the 
curves. Finally, at high temperatures (e.g. 335°C) all the 
hydrogen is in the a phase, resulting again in a straight 
line. 

phase, having a local concentration of about 
TiH,. 4 . The 7, vs. temperature curve there¬ 
fore follows closely that of the previously 
obtained low concentration y phase and 
nothing new is obtained, As the temperature 
is increased above 125°C, some of the hydro¬ 
gen begins to dissolve in the a phase, the exact 
amount being determined by the tie line be¬ 
tween the a-f-y to a and a + y to y phase 
transition curves. We were able to detect this 
removal of hydrogen from the y phase hydride 
antflts reabsorption in the a phase titanium by 


/ 
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the appearance of two simultaeneous 7, 
values, (7,) T and (7,)„ the relaxation time of 
the hydrogen in the respective phases. 
Ordinarily, the nuclear spin magnetization 
decay of our NMR signal is exponential as a 
function of time of the form e -,/T ', resulting in 
a straight line when plotted logarithmically. 
When signals from two simultaneous phases 
having different relaxation times are present, 
the decay is of the form pe~ ll(T ' )r + Qe~ tl(Tl)a 
where PlQ is the ratio of the amount of hydro¬ 
gen in the respective phases. (J 2 is of suffi¬ 
ciently long duration at these temperatures for 
both phases that it will not influence the 
assumed decay relation.) This is illustrated 
in Fig. 11. At low temperature (T = 157°C) a 
straight line is obtained, representing 7, of the 
y phase. At a higher temperature (187°C), 
some of the hydrogen dissolves in the a phase 
resulting in an additional component ( 7 ,)„, 
which, because it is longer than (7 x ) y , be¬ 
comes noticeable at t > 70 msec when most of 
the signal due to the y phase has already 
disappeared. With more hydrogen entering 
the a phase, the factor Q becomes more 
dominant and the curvature manifests itself 
at earlier t, until finally all the hydrogen is in 
the a phase and again a straight line is obtained 
(7 = 335°C). 

A least square analysis was performed on 
the data to determine the values of P, g, (7,) r , 
(7,)„ which give the best fit to the equation 
y = Pe~‘ liT,yy + Qe~ lliT,)a . The results gave 
values of P, Q and f 7,) > which followed the 
general trend expected from the phase dia¬ 
gram and from previous measurements of 
(T 1 ) y in the y phase, but the spread was too 
large to verify the a to a + y phase transition 
curve. In order to obtain useful information 
on (T,) a , we performed the calculation again, 
this time constraining the least square analysis 
to two degrees of freedom by using the values 
of (7i) y derived from the low concentration 
gamma phase measurements and calculating 
the PlQ ratio from the given a + y to a and 
a + y to y phase transition curves. 

The values of 7, for the a phase derived 


from the least square analysis together with 
those obtained directly at temperature above 
320°C are plotted in Fig. 12. The spread of the 
data due to the poor signal-to-noise ratio 
prevents us from obtaining accurate values of 
the diffusion parameters but a number of 
conclusions can be drawn. 
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Fig. 12. The proton spin lattice relaxation time (7,)„ for 
hydrogen dissolved in the a phase of titanium, using a 
sample TiH 0( *. Region A is the mixed a + y region where 
(7,)* was obtained from a least square analysis of the 
signal response. 

The fact that there is a minimum, shows that 
diffusion is a significant factor in the relaxation 
process at these temperatures. The levelling 
of the 7, curve above 360°C is probably due 
to a conduction electron contribution. An 
analysis similar to that performed for the y 
phase (except that (TJ e T is now obtained 
from the high temperature side), leads to 
( Ti) e T ~ 80 sec-°K and the diffusion curve 
shown in Fig. 13. E a is then found to be 
roughly 13kcal/mole. This compares to 12-4 
kcal/mole found by Wasilewsky and Kehl[19] 
from absorption rate measurements. 

We can obtain information on the location 
of the hydrogen in the h.c.p. lattice of the a 
phase titanium from (T,) d min , in the same way 
as was done for they phase. Assuming that the 
hydrogen is situated in either the tetrahedral or 
the octahedral sites, we calculate 2 * r k ~ e and 
see for which assumption equation (7) 
agrees with the experimental value of (T,) d mln . 
The lattice parameters of titanium are given by 
Sidhu et a/.[18] as a = 2-952 A and c = 4-689 
A. Our calculations of 2* r * -6 for the tetra¬ 
hedral and octahedral sites when c/d = 1-5884, 
gave 2*** r * -8 = 408-4a -8 and 2* oct r k -8 = 
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Fig. 13. The temperature dependence of the jump fre¬ 
quency v for hydrogen in the a phase of titanium. 


18-33a~ B . Since there are two tetrahedral sites 
and one octahedral site for each titanium atom, 
the probability of a site being occupied is x/2 
if we assume the hydrogen to be located in the 
tetrahedral positions, and jc if we assume it to 
be in the octahedral voids. Equation (7) then 
yields: 


(W = 


)d, tet' 


10- , "(a>/27r)a B 
1-582U/2) msec 


or,) 


min — 
d.ocl 


10-«(ft>/27r)8 # 
7• 103* 


msec 


where a is given in A. Since in our case 
= 19 00 MHz and x = 0 08, the final 
result is (T,)“.&,= 19-6 msec and (r,)jjj t = 
218 msec. Experimentally we obtained 
(7’,) mln =» 40 msec at 240°C. Removing the 
assumed conduction electron contribution 
of 80sec-°K yields (7’,) d m,n = 55 

msec. Tak||g into account the large error in 
4hese ( .jpgf|§|ments and the fact that the 


experimental value of (T l ) a min for hydrides 
has been found to be generally larger than that 
calculated on the basis of equation (7) (see 
[20]), we must come to the conclusion that the 
hydrogen is located at the tetrahedral sites of 
the h.c.p. lattice if the choice is between that 
position and the octahedral one. Since the 
experimental value of (T, )<* mln lies between 
(rOd.tet and (ri)d.£t, an exact fit between 
theory and experiment can of course be made 
if we assume a small percentage of the hydro¬ 
gen to be located at the octahedral while the 
rest are at the tetrahedral sites, but the 
accuracy of our measurements and that of 
equation (7) is not sufficient to justify such a 
quantitative analysis. 

D. Transition to the(3 phase 

1. Experimental results. The spin lattice 
relaxation time of hydrogen in TiH 07(j was 
measured as a function of both rising and fall¬ 
ing temperatures (Fig. 14). For rising tempera¬ 
tures, the 7, curve flattens out at 240°C, in 
contrast to the rounding off obtained in the y 
phase. At about 340°C, T t rises rapidly and 
then decreases gradually. When the measure¬ 
ments were repeated at decreasing tempera¬ 
tures, a hysteresis effect was observed, the 
sharp drop in T, occurring near 280°C. 

2. Discussion— (a) Transition region. The 
composition of the /3 eutectoid has been- 
given as about TiH 08 by Lenning et al. 
[22] and as TiH 0 . B by McQuillan [17]. 
Lenning has also observed a hysteresis 
effect in the change from the a + y to the 
j3 phase for rising and falling temperatures 
from thermal and dilatometer measure¬ 
ments. This hysteresis effect is denoted by the 
two horizontal lines in the phase diagram. Our 
results can be explained on the basis of this 
diagram by assuming that the rapid changes in 
T i are due to the y to/3 phase transition. Since 
the two structures are f.c.c. and b.c.c. re¬ 
spectively, we expect large differences in 
diffusion rates which in turn influence the 
magnitudes of T r . As the temperature is 


i 




NMR STUDY OF HYDROGEN DIFFUSION 


501 



Fig. 14. Temperature dependence of T, for a sample TiH 0 . 7B . The 
arrows indicate the direction of the sequence of the measurements 
for heating and cooling. 


increased, the change from y to p phase at 
330°C is accompanied by a rise in 7,, while 
the corresponding phase change for decreas¬ 
ing temperature occurs at about 280°C. Since 
the 7, of the <* + y region is due primarily to 
hydrogen in the y phase, at least part of the 
hysteresis effect of a + y <-* p transition must 
be due to hysteresis between the y and /? 
phases. The low temperature portion of the 
curve follows closely the relaxation times of 
the y phase measurements. Measurements on 
samples of TiH 0 . 50 at different frequencies 
show a similar hysteresis effect. 

(b) p phase. T, in the p phase drops slowly 
with rising temperature; hence, if the relaxa¬ 
tion is due to diffusion, we must be on the low 
temperature side of the minimum. However, 
in this region we would expect that at a fixed 
temperature, 7, would be reduced by a factor 
of about 4 when w is halved, as can be seen 
from equation (3) by taking y <£ 1. Measure¬ 
ments of h at 10 00 MHz and other fre¬ 
quencies for a sample of TiH 0 .8 show no such 
change. We conclude therefore that the relaxa¬ 
tion is due to conduction electrons. This is 
also consistent with the diffusion measure¬ 
ments of Wasilewski and Kehl[21], who 
obtained the low value of E a = 6-6 kcal/mole 


giving an extremely high diffusion rate for the 
open b.c.c. p phase structure and placing 
(T,) d mln at a very low temperature. A rough 
estimate of (7,) d expected from the Wasilew- 
sky and Kehi study can be obtained from their 
value of D ** 0-2 x 10' 4 cm 2 /sec at 500°C. 
From the usual relation D = /V/6 where / is 
the jump distance, and taking / » 5-3 A to be 
the p phase lattice parameter, v becomes 
~ 10 n /sec. At a frequency (ui/2n)= 19 MHz, 
y— (vt(o) ** 10 3 and from equation (3) we 
expect a (7’ 1 ) d of the order of thousands of 
milliseconds, while 7, is actually in the region 
of 80 msec. We can therefore conclude that 
our Tj in the p phase is due to the conduction 
electrons. Indeed, over the limited range of 
our measurements, l/7j varies linearly with 
absolute temperature, from which we obtain 
(7,) f 7 = 58± 5 sec-°K. 

4, CONCLUSIONS 

Through the study of the proton spin lattice 
relaxation times, we can draw the following 
conclusions: 

(a) The NMR results confirm the Ti-H 
phase diagram found before by other 
methods, and additional points on this 
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phase diagram have been obtained by 
NMR. 

(b) The diffusion constants have been cal¬ 
culated for various phases of the Ti-H 
system. 

(c) The results of this study show E a for the 
y phase to be independent of hydrogen 
concentration, in contrast to the results 
of Stalinski et al.[ 3] and the electro¬ 
static model for diffusion of Coogan 
et al. who found E„ to increase linearly 
with x. 

(d) The ‘natural’ attempt jump frequency i*,, 0 
was found to be independent of hydro¬ 
gen concentration, in agreement with 
hydrogen cross section measurements 
[15,16], 

(e) Besides diffusion, the other main 
mechanism for hydrogen nuclear spin 
relaxation is the interaction with the 
conduction electrons. (T,T) e was 
obtained for each phase. 
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Abstract—The indirect exchange interaction between near-neighbor spins has been calculated for Gd 
metal near T — 0 using electronic energy bands computed by means of the non-relativistic augmented- 
plane-wave method. The results show that the present accuracy of band-structure calculations does 
not permit a realistic determination of indirect exchange energies. 


The rkky (Ruderman-Kittel-Kasuya- 
Yosida) interaction is generally considered 
to be th^ fundamental magnetic interaction 
between atomic spins in the rare earths. Most 
treatments have considered the interaction 
in the context of the free-electron model. 
Energy-band calculations carried out by 
others [1,2] indicate that the energy bands 
and resulting Fermi surface for the heavy 
rare earths do not resemble those for free 
electrons, and various authors [3-5] have 
discussed the effects of departures from a 
spherical Fermi surface. In particular 
Evenson and Liu [5] calculated the q-depen- 
dent susceptibilities for Gd, Dy, Er and Lu 
along the symmetry line F —A using the 
relativistic APW energy bands of Keeton 
and Loucks[2], and were able to identify 
the occurrence of maxima in the suscepti¬ 
bilities with the experimental magnetic wave 
vectors in these metals. 

We report here a preliminary attempt to 
calculate the exchange interaction between 
near-neighbor spins for Gd metal near T = 0, 
using energy bands computed via the non- 
relativistic APW method[6]. Unfortunately 
our results indicate that the present accuracy 
of band-structure calculations does not permit 
meaningful comparison of calculated exchange 
energies with those determined by analysing 


magnon dispersion relations obtained from 
inelastic neutron-scattering experiments [7]. 

For two Gd ions a and b the interaction 
energy depending on the relative orientation 
of the spins S„ and S„ and arising from the 
incomplete/-shell may be written 


E a b 4d>(Rafc)S a . Sft, 


where. 


1 ^ |/(k,k')j 

E(k)-E(k') 


E(k) *; E r 
E(k') > E r 


g f(k—k'). 


( 1 ) 


J(k,k') is the exchange integral involving a 
4/and a conduction electron: 

y(k,k') = ft J dr, J dr^i[( r,)«/»{.(r s ) 

a n 

*Mr 2 )iMr,) (2) 


and S a = S b = l (units of h). 

was evaluated using Roth et a/.’s[3] 
prescription obtained by the method of sta¬ 
tionary phase: 


u 


I J(ki,k i )| 2 mfm < * 

1 &rr 3 Rltdt*a u 


COS [k ti - + (0, - 0,)] 
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-sin [(A*, - + (fl,- 0,)]} , (3) 

where the sum is over all calipering pairs 
of points ( ki, kj) on the Fermi surface, and the 
prime means pairs for which sn(E zi ) = sniE^) 
are excluded. (The z-axis is taken along R a6 ). 
We neglect partial derivatives of E higher 
than the third. Also, since our intent is to 
focus attention on the effect of using a more 
realistic Fermi surface, we neglect the varia¬ 
tion of J with k,, kj. 

We then have 

r 1 r 3S gg 1 


E ( i'-E'i > 
a “~ E'l'E'" 



The evaluation of <f> thus involves the deter¬ 
mination of the gradient and second-order 
partial derivatives of E at calipering points 
on the Fermi surface. 

The muffin-tin potential used in the calcula¬ 
tions was constructed from the relativistic 
HF-SCF charge density for atomic Gd in 
the configuration 4f 1 6s‘ i 5d obtained by 
Liberman et al. [8], Thirty-one reciprocal 
lattice vectors were used in the expansion 
of the APW wave function. Atomic units 
(h — 1, m = i, e 2 = 2) were used throughout. 
The accuracy of each eigenvalue E(k) 
was estimated to be within ± 0 005 Ry. The 
resulting energy bands were quite similar to 
those obtained by Dimmock and Freeman 

m. 

The Fermi level was found by computing 
the eigenvalues at 126 points in fa of the 
primitive B.Z. or 3,024 points in the entire 
primitive B.Z. The value E F = 0-394 Ry was 
obtained ^th an estimated error of± 0-010 

Th1p|0^ring points were obtained by 


sampling k-space near the Fermi surface, 
The derivatives at each point were obtained 
with an estimated error of± 5 per cent in the 
worst cases. 

The results are shown in Fig. 1, where the 



Fig. 1. Indirect exchange interaction d>(R) in gadolinium, 
normalized to unit exchange integral |7|. E — 102 E f . 
Abscissa is in units of basal-plane lattice constant a. Note 
scale change at R = a. 

quantity d>(R)/|7| 2 has been plotted versus 
R for R lying respectively along the direc¬ 
tions F— K and 1—M in the crystal. These' 
are the two highest-symmetry directions in 
the basal plane and contain the nearest 
and second-nearest basal-plane spins. Also 
shown is the interaction assuming a free- 
electron band structure for the conduction 
electrons. In this case the interaction has 
simply the isotropic RKKY form, 


\J I* 


32; t 3 R 3 


cos 2k f R — 


sin 2k F R~\ 

2 k F R Y 1 ’ 


The anisotropy introduced by band-structure 
effects is quite evident. However, the interac¬ 
tion is positive for nearest-neighbor spins 
which suggests the spins align themselves in 
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antiparallel, contrary to the observed ferro¬ 
magnetic ordering pattern in Gd. The free- 
electron model, on the other hand, is seen to 
give a negative interaction at the nearest- 
neighbor distance for Gd (and also for the 
rest of the heavy rare-earths), which is 
supported by the ferromagnetism observed 
in these metals at sufficiently low tempera¬ 
tures. The divergent behavior of all these 
curves at R = 0 is a result of the assumption 
of constant J and also, in the non-free-electron 
case, of the use of the asymptotic expression 
(3) for (f>(R), which samples only points on 
the Fermi surface. We would expect the 
finite spread of the 4 f orbitals to cause J( k, k') 
to approach zero as |k-k'| —> °° in equation 
(2) (in the extended-zone scheme). This would 
be augmented by effective screening of 
the 4/-conduction electron exchange. This 
behavior of J would imply that <f>{ 0) is finite. 
Although the portion of the curves for R < a 
is of little significance here since no two spins 
in the crystal interact within the nearest- 
neighbor distance, it has been shown by 
Watson and Freeman[9] working within the 
nearly-free-electron model, that the k, k' 
dependence of J has a significant effect, 
extending out to near-neighbor distances, on 
the location of the nodes and on the magnitude 
of the interaction. Enhancement of the inter¬ 
action due to conduction electron-conduction 
electron exchange [101 has similar conse¬ 
quences. 

To check the sensitivity of the results to the 
Fermi level, the calculation was carried out 
for the F— K direction at the computed Fermi 
level and 2 per cent above and below it, which 
is of the order of the estimated uncertainty 
in E f . The sensitivity of the calculated inter¬ 
action to the location of the Fermi level, 
shown in Fig. 2, arises from the rapid variation 
with E r of the partial derivatives at the 
calipering points. Experimentally it is not 
known how rapidly the interaction changes 
with E r but in any case it is evident that to 
obtain sensible results theoretically, greater 
precision, to within 0 001 Ry, say, is required 



Fig. 2. Sensitivity with respect to energy of the indirect 
exchange interaction along the P — K axis in gadolinium. 

Note scale change at R — a. 

in the determination of each eigenvalue. This 
implies the use of a larger basis set and result¬ 
ing rapid increase in machine time. 

A further limiting factor is the accuracy 
(~ 0-01 Ry) of the single-electron potential 
used in the band-structure calculation. It 
thus appears that until a band calculation can 
be carried through to the above order of 
accuracy it will not be possible to assess the 
reliability of other approximations such as 
constant J, the stationary-phase method and 
the use of non-relativistic band structure. 
In principle, at least, an accurate evaluation of 
(f>, as given in equation (1) plus the effect of 
exchange enhancement, should be relatively 
stable with respect to E F and of the correct 
sign and magnitude for the neighboring spins. 
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CATHODOLUMINESCENCE OF Er 3+ IN YGaG AND YAG 
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Abstract—The cathodoluminescence spectra of Er 54 in YGaG and YAG contain various features 
not normally observed in photoluminescence spectra. These are accounted for in terms of transitions 
between levels not involving the ground state, energy transfer and self absorption. The ‘P m splittings 
of Er 34 in YGaG was found to be 54 1 4 cm - ' and in YAG 121 1 4 cm - '. Good agreement was found 
with multiplet splittings obtained by other workers from absorption measurements. 


INTRODUCTION 

Photoluminescence measurements on rare 
earth ions normally involve an excitation 
energy only a little higher than the emitted 
energy which it is intended to study. For 
cathodoluminescence the electron beam 
energy must be sufficiently high to penetrate 
beyond any damaged or contaminated surface 
layer. For YGaG and YAG the penetration 
of a few microns for the 40 keV electron 
beam employed was considered to be satis¬ 
factory. This incident beam produces secon¬ 
dary electrons of sufficient energy to excite 
rare earth ions to states well above those 
normally attainable by optical excitation. Also 
much higher densities of excited ions can 
readily be produced than for photolumines¬ 
cence, so that emitted radiation intensities 
can be much higher and weak emission line 
systems more easily studied. 

These two factors make it possible using 
electron excitation to observe transitions 
between various multiplets not involving 
the ground state. As a result transitions in 
the experimentally convenient visible region 
(15,000-25,000 cm -1 ) can be observed which 
give information about the structure of multi¬ 
plets at much higher energies above the ground 
state. Also some interesting energy transfer 
mechanisms come into operation due to the 
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approximate coincidence of the energies of a 
number of these possible transitions with the 
energies of transitions involving the ground 
state. Another effect peculiar to cathodo¬ 
luminescence is self absorption splitting of 
some emission lines. This is due to the 
narrower absorption line of the cool bulk of a 
single crystal sample superimposed on the 
broader emission line from the excited region 
which is normally at a somewhat higher 
temperature for the beam powers of 1-2 
W typically employed. 


EXPERIMENTAL 

Electron excitation was performed using a 
converted electron microscope with a beam 
voltage of 40 kV and a beam current of about 
50/xA. The luminescence was analysed by a 
Jarrell-Ash 0-5 m grating monochromator 
and detected by a Perkin Elmer 13 Hz 
amplifying system. For the visible region an 
1P28 or 9558 photomultiplier was employed 
and for the infra red a cooled 7102 photo¬ 
multiplier or an Eastman Kodak lead sulphide 
cell was used. 

Samples were normally rectangular blocks 
of single crystal YGaG and YAG of about 
0-5 cm side and doped with Er 3+ to between 
1 and 10 per cent of the Y s+ . These were 
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mounted in indium metal in a recessed copper 
block attached to a dewar tail. The sample 
temperature was normally held at 77°K for 
the experiments reported below. 


RESULTS 

Figure 1(a) shows the approximate energies 
of the multiplets of Er 3+ in YGaG up to 
32,000 cm -1 and indicates the transitions 
observed for electron excitation. Only the 
transitions marked 1,2 and 8 were studied in 
YAG. Figure 1(b) shows a complete list of 
the multiplet splittings for Er 3+ in YGaG 
which have been obtained by Chamberlain [1] 
and Cosier[2] by absorption measurements 
and in the present work. Figures 2, 3 and 4(a) 
show the 77°K. cathodoluminescence spectra 
due to the transitions 2 P m -* 4 / i:)l2 , — 

4 / n/2 and *P m —* *l m and the corresponding 
tables giving line energies and pairs due to 


the *P m splitting. The mean *P m splitting for 
Er 3+ in YGaG was found to be 54* 4 cm -1 
and the mean energies of these levels was 
31,583 and 31,529 cm -1 . The table in Fig. 4 
shows a comparison between the observed 
spectrum and that predicted using this mean 
2 P m splitting and the *I m levels reported 
by Chamberlain[1]. The positions of the 
2 P m levels were deduced from Chamberlain’s 
[1] values for the 4 / 13/2 and 4 /,, /2 levels. 
Figure 4 also shows the effect of concentra¬ 
tion of the Er 3+ on the quenching of the 
2 P m 4 I m emission by energy transfer to 
the neighbouring 4 S 3/2 —» 4 / 15/2 system. The 
latter spectrum has been reported by Chamber- 
lain [3] for photoluminescence and will be 
discussed in more detail below. The consider¬ 
able reduction in the intensity of the 2 P m -*• 
4 / 9/2 system relative to the 4 S 3/2 —*• 4 /, 5 ; 2 
system is clear by comparison of Figs. 4(a) 
and 4(b). The ratio of the intensity of the 
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■'* Fig. 1 . (a) The observed transitions in the cathodoluminescence of Er ,+ in YGaG. (b) Summary 

of Er* + in YGaG multiplet splittings. 
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Fig. 4. The V 3;2 -* V, ;2 and 'Sj.j -* */ ls/2 fluorescence spectra of Er 3+ in YGaG near 
5300 A at 77°K. (a) 1 per cent Er 34 spectra showing strong ’P m -* 4 / 9(2 . (b) 10 per cent 
Er 34 spectra showing quenched *P m -» 4 /„ 2 . (c) 5 per cent Er 34 spectrum showing strong 
self absorption in tbe highest energy lines of *S m —* 4 /, 5/2 . 


5750 A line to that of the 5240 A line for an 
Er 3+ concentration of 1 per cent is about 
1-5 whereas for a concentration of 10 per 
cent Er s+ this ratio is about 35. Figure 4(c) 
shows the strong differential temperature 
self absorption splitting mentioned above and 
this was accentuated in this particular sample 
by a number of internal reflections of the 
fluorescence due to irregularities in the sample 
shape. Figures 5-8 show the energies of the 
observed lines in the emission spectra arising 


from transitions between *F m and 4 I im , 
4 S 3/2 and 4 l\ 3 \ 2 , 4 1uh and 4 / 15/2 and 4 / 13/2 and 
4 /is /2 for Er 3+ in YGaG. The transitions to the 
top of 4 / 15/2 in Figs. 7 and 8 were in many 
cases too broad to be properly resolved and 
the predicted positions are indicated by 
arrows. The important results for Er 3+ in 
YAG are shown in Figs. 9-11. From the 
2 P 3 /2 -* 4 / 13/2 and 2 P m -* 4 / n(2 transitions the 
mean i P 3lt splitting was found to be 111*4 
cm -1 and the energies of the 2 F 3/2 levels were 
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Observed 

Predicted 

X(A) 

Energy 

Energy 

(cm' 1 ) 

(cm"’ ) 

6514 

15352 

15346 

6519 

15340 

15336 

6522 

S3 33 


6530 

15314 

S310 

6533 

15307 

15303 

6539 

15294 

(S291 

(15274 

6551 5 

15264 

(15265 

05262 

6563 2 

15236 

15236 

6570 

15221 


6704 

14916 

04917 

04914 

6710 

14903 

14903 

6716 

14890 

14691 

6721 

14879 

14876 

6728 

14864 

(14857 

(14645 

6745 

14626 

14823 

6751 

14814 

(14819 

04811 

6764 

14784 

14785 


Fig. 5. The *F m —* V, J(2 fluorescence spectrum of 1 per cent Er 3> in YGaG near 

6700 A at 77°K. 


31,589 and 31,467 cm -1 . A comparison with 
Koningstein’s [4] energies for the other levels 
is shown in the tables where possible. 

DISCUSSION 

The generally good agreement between 
predicted transitions and those observed 


confirms the assignments of the various emis¬ 
sion systems, several of which have not been 
previously reported. The energies of the 
multiplet levels for Er 3+ in YGaG obtained 
from absorption measurements by Chamber- 
lain [ 1] have been confirmed for 4 /, 5 , 2 » 4 fu/ 2 < 
*l m , *F m , *S m and 2 H xm and the splittings 
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1M . fluorescence spectrum of 1 per cent and 10 per cent Fig. 7. The 2 fluorescence spectrum of 1 per cent and 

Er 3 * in YGaG near 8500 A at 77°K 10 per cent Er 3+ in YGaG near 1-0^ at 77°K. 
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fluorescence spectrum of 1 per cent Er 3+ in YGaG Fig. 9. The t P S i, —*■ *1 , 3 , 2 fluorescence spectrum of I per cent Er* + 

near l-6*i at 77°K. in Y AG near 4000 A at 77°K. 
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3- 6 114 

4- 7 115 

5- 0 124 

10423 

10360 

10377 

10300 

10267 

_ 

10411 

10370 

0360 

10201 

0292 


Mean 'p^ voting 119 * 4 cm' 


Fig. 10 The 1 P m —* V,,,, fluorescence spectrum of 1 per cent 
Er" in YAG near 4700 A at 77°K. 
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Fig. II. The 4 l, 4 I lin fluorescence spectrum of 1 per cent 
Er 3+ in YAG near I -6^ at 77°K. 
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of Vs, s and 4 / ls/s established as shown in 
Figs. 1 and 5. 

When the fluorescence spectrum of a level 
system is excited in the bulk of a single 
crystal it is clear that self absorption may 
occur as its passes through the crystal on its 
way to the detecting system. If the fluores¬ 
cence transition is to an occupied ground state 
and if there is no Stokes’ shift between emis¬ 
sion and absorption energies then such self 
absorption must occur to some extent. This 
self absorption would be expected to depend 
on the geometry of the excitation system and 
on the concentration of the active ions. Energy 
transfer between like ions will produce quali¬ 
tatively the same effect as self absorption on 
the fluorescence spectrum if some sink exists 
for the ultimate degradation of the energy 
after a number of transfers. However energy 
transfer will not depend on the geometry 
(e.g. the path of the fluorescence through the 
sample) but will depend only on the concen¬ 
tration of the active ion. By using electron 
excitation with a penetration of a micron or so, 
and by viewing the emission from the excited 
face of the sample self absorption should be 
eliminated and only energy transfer processes 
should be observed. In fact some internal 
reflection can occur which gives rise to self 
absorption. 

A further difference between energy trans¬ 
fer and self absorption which might be 
expected [5] is that for the former only an 
approximated match, to within available 
phonon energies, between the transitions in¬ 
volved is necessary. However for self absorp¬ 
tion the energy match must be to within a line 
width 

A clear example of self absorption due to 
internal reflection in an irregular sample is 
shown in Fig. 4(c) for the 4 S 3 , 2 -* 4 / l5/2 
transition in 5 per cent Er 3+ in YGaG at a 
nominal temperature of 77°K. The two highest 
energy lines are split by the corresponding 
transition in absorption. The splitting rather 
than a simple intensity reduction arises as 
pointed out above from the difference in 


temperature of the bulk and excited regions. 
The population difference between the lower 
levels of the 4 / l5/2 ground state is clearly 
indicated since the highest energy line of 
Fig. 4(c) shows much stronger self absorption 
than the next highest and the third highest 
energy line shows no sign of splitting. The 
extent of this self absorption is made clear 
by a comparison of Fig. 4(c) with Fig. 4(b) 
where internal reflection and hence self 
absorption were absent. The published photo¬ 
luminescence spectra of 4 S 3/2 -* 4 / 16;2 [3] also 
show strong self absorption with no splitting 
even at Er 3+ concentrations as low as OT 
per cent Er 3+ . 

A number of unidentified lines were ob¬ 
served in the 4 S m -* 4 / I5/2 , 4 F m -> 4 /, 5/2 and 
4 S 3/2 —* 4 / 13/2 spectra for low Er 3+ concentra¬ 
tion. For Er 3+ concentrations of about 10 
per cent these lines disappeared indicating that 
these also were due to transitions between 
pairs of high energy multiplets. 

The energy transfer between the 1 P m 
4 I m system centred near 19,000 cm -1 and the 
4 S m 4 / 15 /z system near 18,300 cm' 1 involves 

a loss of energy of about 700 cm -1 . A phonon 
assisted sideband spacing of about this energy 
has been observed in the Er 3+ fluorescence in 
several garnets [6] and indicates that this 
energy difference may be readily absorbed by 
the lattice during energy transfer between 
Er^ions in YGaG and YAG. 


CONCLUSIONS 

The cathodoluminescence spectrum of 
Er 3+ in YGaG and YAG shows several 
features characteristic of this mode of 
excitation and these are accounted for in 
terms of energy transfer and self absorption. 
The levels of several multiplets are deter¬ 
mined and good agreement with the results 
of other workers was found. 

Acknowledgements -Thanks are due to M. J. Smith for 
assistance with the electron excitation apparatus, to 
J. L, Page for growing the crystals and to many others for 
valuable discussions. 
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DIFFUSION OF SULFUR IN GALLIUM PHOSPHIDE 
AND GALLIUM ARSENIDE* 

A. B. Y. YOUNGt and G. L. PEARSON 

Stanford Electronics Laboratories, Stanford University, Stanford, Calif. 94305, U.S.A. 

(Received 19 May 1969; in revised form 28 July 1969) 

Abstract —A radiotracer technique was used to study the diffusion of sulfur in GaP and GaAs as a 
function of temperature, sulfur pressure, and component pressure. The results reported here indicate 
that the variation of diffusion coefficient with component pressure for sulfur in both GaP and GaAs is 
not in agreement with a model of vacancy diffusion within a single sublattice. The diffusion coeffi¬ 
cient of sulfur in GaP was found to be independent of phosphorus pressure, whereas the diffusion 
coefficient of sulfur in GaAs varied as (P Al4 ) 1,s at low arsenic pressures, and appeared to saturate 
at arsenic pressures greater than 0-5—1 atm. The results for sulfur in GaP are consistent with diffusion 
via the divacancy (V Ca V,.) while the diffusion of sulfur in GaAs can be explained by movement via the 
gallium divacancy (V Ga V Ua ). The apparent decrease in the diffusion coefficient at high sulfur concen¬ 
trations can be qualitatively explained by the formation of the complex (V Ga Sj). A plasma reflec¬ 
tion technique was used to study the electrically active part of the sulfur-diffused layers in GaAs. At 
high sulfur concentrations a large percentage of the sulfur in the diffused layer was found to be electri¬ 
cally inactive. This phenomenon is suggested as a possible explanation for the large discrepancy 
among previously reported values of the diffusion coefficient of sulfur in GaAs. 


1. INTRODUCTION 

The diffusion of sulfur in GaAs has been 
investigated by a number of workers [ 1-4], 
Goldstein measured the temperature depend¬ 
ence of the diffusion coefficients of a number 
of substitutional impurities in GaAs and con¬ 
cluded that sulfur diffused by means of vacan¬ 
cies within the arsenic sublattice [1]. Vieland 
carried out a qualitative study of the effect of 
arsenic pressure on sulfur diffusion in GaAs 
and concluded that the results were in conflict 
with the sublattice model proposed by 
Goldstein [4], The possibility of the participa¬ 
tion of nearest-neighbor gallium vacancies in 
the diffusion process was suggested by 
Vieland, but no definite model was proposed. 
The diffusion of sulfur in GaP has not been re¬ 
ported previously. 

In the work reported here, radiotracer 
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methods were used to study the diffusion 
of sulfur in GaAs and GaP as a function of 
temperature, sulfur pressure, and component 
pressure. Particular emphasis was placed on a 
determination of the quantitative dependence 
of the diffusion coefficient of sulfur in GaAs 
and GaP on component pressure. These re¬ 
sults are not in agreement with the sublattice 
model of vacancy diffusion. 

Although the presence of a large con¬ 
centration of electrically inactive impurities 
has been reported previously for melt-grown 
GaAs[5] and solution-grown GaP[6] crys¬ 
tals that are heavily doped with the group VI 
donors, S, Se and Te, there appears to have 
been little consideration of such effects in 
diffused layers in these materials. In the work 
reported here, a plasma reflection technique 
was used to obtain the electron concentration 
profiles in sulfur-diffused layers in GaAs. 

2. EXPERIMENTAL TECHNIQUES 

Undoped GaP single crystals were grown 
by an open tube vapor phase epitaxial pro¬ 
cess using PC1 3 as the transport agent. The 
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crystals were grown on {111} Ga faces of 
GaAs seed crystals and were /j-type with 
carrier concentrations of I0 18 -l0 18 cm“ 3 and 
mobilities of 80-100 cm 2 /V-sec. The GaP 
crystals had a dislocation density of about 
l0 8 cm 2 , a density of stacking faults and 
microtwins of 300-500 cm -1 , and contained 
up to 6 per cent of arsenic on the phosphorus 
sub-lattice because of contamination from the 
GaAs seed. 

Undoped GaAs single crystals were ob¬ 
tained from the Monsanto Company. These 
were boat-grown and oriented in the <111} 
direction. The electron concentration was 
10 ,8 -l0 l8 cm _ \ the mobility was 4000 cm 2 / 
V-sec, and the dislocation density was 
1 —2 x 10 3 cm~ 2 . 

The crystals were lapped and then mech¬ 
anically polished with Linde A 0-3 /a alumina. 
After cleaning and degreasing the samples 
were etched to remove damage due to the 
polishing procedure. Typically about 5 p, 
of material was removed. The etchant for the 
GaP was 8g K 8 Fe(CN)„: 12 g KOH: 100 ml 
H 2 0 and for the GaAs, an 015% Br in meth¬ 
anol solution. 

Appropriate amounts of radioactive 35 S 
dissolved in spectroquality benzene were 
pipetted into clean quartz ampoules. After 
the benzene had been evaporated, the samples 
were placed in the ampoules along with the 
appropriate amounts of high purity phos¬ 
phorus or 6 nine’s purity arsenic. In order 
to minimize surface deterioration and weight 
losses due to a vapor transport mechan¬ 
ism {2], the samples were sandwiched be¬ 
tween two quartz plates[7-9]. Each ampoule 
was evacuated to approx. 10~ 5 Torr. and 
sealed off to yield a volume of approximately 
1-0 ml. The GaP samples were diffused at 
temperatures between 1100 and 1300°C, 
while the GaAs samples were diffused at 
temperatures between 900° and 1200°C for 
appropriate times. The furnace temperature 
was controlled within ±2°C. The diffusion 
profiles were determined by standard etch¬ 
ing, weighing, and counting procedures [10] 


using the etchants given above. The results 
were corrected for self-absorption of the 
0-167 MeV beta particles in the GaAs or 
GaP crystals. Absolute values of concentra¬ 
tion were obtained by comparing the activity 
of each etched section with that of a calibrated 
;i8 S standard. 

The pressures of the various vapor species 
were calculated from the amounts of sulfur, 
arsenic, and phosphorus placed in the am¬ 
poule together with equilibrium constants 
given in the literature[l 1,12], The arsenic 
(or phosphorus) pressure when no excess 
arsenic (or phosphorus) was added was as¬ 
sumed to be the decomposition pressure for 
the GaAs (or GaP) solid phase in the binary 
Ga-As [13] (or Ga-P [ 14]) system. 

The diffusion profiles were well-behaved 
when the surface concentration was less than 
10 20 cnr 3 . These profiles could be fitted to 
the complementary error function solution of 
Fick’s Second Law, 


C(x) = C.erfc 



( 1 ) 


where C(x) is the impurity concentration at 
a distance x below the surface, C, is the sur¬ 
face concentration, D is the diffusion coeffi¬ 
cient, and t is the time. The diffusion coeffi¬ 
cient was obtained by Hall's method in which 
normalized profiles (C/2C,) vs. (xl V<) 
plotted on probability paper yield straight 
lines whose slopes are related to the diffusion 
coefficient! 15]. 


3. EXPERIMENTAL RESULTS 
Within the GaP or GaAs solidus region, the 
diffusion conditions can be specified uniquely 
by the temperature, the sulfur pressure, and 
the phosphorus or arsenic pressure. The re¬ 
sults of experiments in which each of these 
parameters is varied independently are given 
in this section. 

(A) Diffusion of sulfur in GaP 
Figure 1 shows the radiotracer profiles of 
sulfur in GaP when the sulfur vapor density 
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Fig. 1. Diffusion profiles of sulfur in GaP at various sulfur 
vapor densities. 


[S„], was varied from 0-2 to 20 pig/ml while the 
temperature and the phosphorus vapor den¬ 
sity [P„] were kept fixed. At surface con¬ 
centrations below 10 2# cm -3 the diffusion 
profiles can be fitted with complementary error 


functions so that the diffusion coefficient is 
independent of sulfur concentration [S]. 

The upper curve in Fig. 1 is typical of the 
profiles obtained when C, is larger than 10*° 
cm -1 . Complementary terror functions are 
no longer obtained and the Boltzmann- 
Matano technique must be used to evaluate 
the diffusion coefficient as a function of sul¬ 
fur concentration. The result of such an anal¬ 
ysis is shown in Fig. 2. It is clear that D 
decreases rapidly with increase in fS] above 
=» 5 x 10 19 cm -3 . 

Figure 3 shows the dependence of surface 
concentration C, on the sulfur vapor density 
for the diffusion profiles in Fig. 1. It is seen 
that C, is proportional to [S„] 13 which is not 
in agreement with the usual model for in¬ 
corporation of sulfur atoms on isolated phos¬ 
phorus sites. 

Figure 4 shows the dependence of D on the 
phosphorus vapor density [P„] when the 
temperature and the sulfur vapor density 
are kept constant. It is seen that the diffusion 
coefficient is independent of the phosphorus 
pressure which is not in agreement with the 
sublattice model of vacancy diffusion. 

Figure 5 shows the temperature dependence 



SULFUR CONCENTRATION, [s] (cm*) 

Fig. 2. Concentration dependence of the diffusion coefficient 
of sulfur in GaP at 1215°C as determined from a Boltzmann- 
Matano analysis. The data were derived from the high con¬ 
centration profile in Fig. I. 
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Fig. 3. Dependence of the surface concentration of diffu¬ 
sion profiles in GaP on the sulfur vapor density at I2I5°C. 
[P,] = 2-3 mg/ml if,,, =* I atm). 


D = 3-2 x 10 3 exp [- 4-7/kT] cm 2 /sec. (2) 

(B) Diffusion of sulfur in GaAs 

Figure 6 shows radiotracer profiles of sul¬ 
fur in GaAs when [S v ] was varied from 0-2 
to 6-Ojig/ml while temperature and arsenic 
vapor density [As t ,] were kept constant. The 
nature of the profiles is similar to that re¬ 
ported above for sulfur in GaP with relatively 
well-behaved profiles at the lower surface con¬ 
centrations, but with a change in shape for 
C< greater than 10 20 cm -3 . Figure 7 shows that 
a linear relationship is obtained between C, 
and [S„] at the lower surface concentrations. 
These results are not in agreement with the 
usual model of incorporation of sulfur atoms 
on isolated arsenic sites. 

Figure 8 shows the dependence of the 
diffusion coefficient of sulfur in GaAs on 
arsenic pressure when the temperature and 
the sulfur vapor density were kept constant. 
The data were obtained at two temperatures. 
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Fig. 4. Dependence of the diffusion coefficient of sulfur in GaP on 
the phosphorus pressure. [S,J = 6 M g/m! at 1217'C; fS,.J = 2 ugjmi 
at 1112°C. 


of the diffusion coefficient of sulfur in GaP 
when [S„] and [P t J are kept approximately 
constant. Fitting the points to a straight line 
yields the relation 


1130 and 1003°C. The results at both tem¬ 
peratures are similar in that at low arsenic 
pressures the diffusion coefficient varies as 
the square root of the arsenic pressure P Ast . 
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Fig. 5. Dependence of the diffusion coefficient of sulfur in 
GaP on temperature. 



Fig. 6. Diffusion profiles of sulfur in GaAs at various 
sulfur vapor densities, 

Above 0-5—1 atmospheres, however, the diffu¬ 
sion coefficient is relatively independent of 
J* As,' These results are in agreement with the 



Fig. 7. Dependence of the surface concentration of diffu¬ 
sion profiles in GaAs on the sulfur vapor density at 
1130“C. f As r ] = 4-6 mg/ml (P A „ = 2 atm). 


qualitative findings of Vieland[4], However, 
they are not compatible with the sublattice 
mechanism of diffusion. 

Several samples were preannealed in quartz 
ampoules for 5 days at 1003°C under the 
same arsenic pressures that were to be used 
during the diffusion anneal. The samples 
were then re-encapsulated with appropriate 
amounts of arsenic and radioactive M S and 
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Fig. 8. Dependence of the diffusion coefficient of sulfur in GaAs on 
the arsenic pressure. (S„] = 0-2/ag/ml. 


diffused for 12 hr at 1003°C. The results are 
shown by the dashed curve in Fig. 8. Although 
these results indicate a slight decrease in diffu¬ 
sion coefficient, the shape of the curve remains 
the same. Thus it is unlikely that non-equi¬ 
librium between the external arsenic vapor 
and the vacancy concentration in the GaAs 
crystal is responsible for the knee. 

A second possible explanation for the knee 
is a saturation in the concentration of defects 
responsible for the diffusion. Although this 
possibility cannot be ruled out completely, 
several observations suggest that another 
explanation must be sought. First, Seltzer[16] 
studied the diffusion of Mn in GaAs for arsenic 
pressure up to 5 atm and found no saturation 
of the diffusion coefficient. This suggests that 
the concentration of vacancies in the crystal 
does not saturate at the arsenic pressures 
corresponding to the knee for sulfur diffu¬ 
sion in GaAs. Second, the arsenic pressure 
at the arsenic-rich boundary of the GaAs 
solidus region appears to be an order of mag¬ 
nitude higher than the pressures at the knee 
[13]. This suggests that a saturation of the 
defect concentrations due to the presence of a 
phase boundary is unlikely. 

Figure 9 shows the temperature dependence 
of the diffusion coefficient of sulfur in GaAs. 
Our experimental data indicate that the diffu- 


TEMPEftATURE.T PC) 

1200 1100 1000 900 SOO 



Fig. 9. Dependence of the diffusion coefficient of sulfur 
in GaAs on temperature as reported by different workers. 
In this study (S„J = 0-2 ^g/ml and [As,,] = 3-5 mg/ml. 


sion coefficient of sulfur in GaAs at high 
arsenic pressures is given by the relation 

D — 1-85 X 10“ 2 exp (—2-6//tT) cm 2 /sec. (3) 
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Also shown in Fig. 9 are the results reported 
by other workers for the diffusion of sulfur in 
GaAs[l-4]. A large discrepancy among the 
different results is apparent. These differences 
have been discussed previously in the litera¬ 
ture and attributed to vapor etching of the 
samples [2] or enhanced diffusion near the 
surface as a result of mechanical damage to 
the crystal [17], The results reported here 
indicate that the effects of [As,,] on D may be 
responsible for some of the observed differ¬ 
ences. 

Another possible reason for the large dis¬ 
crepancy among different workers is sugges¬ 
ted by the following experiment in which 
the electron and total sulfur concentration 
profiles were determined simultaneously on 
a sample of GaAs that had been diffused with 
sulfur. Before diffusion, the sample and the 
quartz plates were soaked in a warm aqueous 
solution of KCN (5 per cent) for 10 min to 
reduce compensation effects due to copper. 
The ampoule was quenched in water after 
the diffusion. The plasma reflection technique 
was used to determine the electron concen¬ 
tration profile at room temperature. By etch¬ 
ing away thin layers of GaAs and measuring 
the position of the plasma reflection minimum 
as a function of depth, the electron concen¬ 
tration profile was determined. The relation 
between the position of the minimum in the 
reflection spectrum and the electron concen¬ 
tration was taken from the literature [18]. A 
Perkin-Elmer621 Grating Spectrophotometer 
was used in these measurements. 

A typical result shown in Fig. 10 indicates 
that the electron concentration is significantly 
less than the sulfur concentration at high sulfur 
concentrations. The maximum electron con¬ 
centration in the diffused layer varied with 
diffusion temperature, increasing from 1-6 
x 10 18 cm -3 at 900° to 5 x 10 18 cm- 3 at 1130°C. 
However, it appeared to be relatively inde¬ 
pendent of the surface concentration of sulfur 
and the arsenic pressure during diffusion. 

The presence of large concentrations of 
electrically inactive sulfur could explain some 



Fig. 10. Comparison of the electron (determined by a 
plasma reflection technique) and total sulfur (determined 
by a radiotracer technique) concentration profiles in a 
diffused layer in GaAs. 

of the discrepancies among reported values of 
the diffusion coefficient of sulfur in GaAs. 
P-n junction and sheet resistivity techniques 
were used by several workers[2-4], Figure 10 
indicates that experiments which measure 
only the electrically active part of the impurity 
distribution in the diffused layer result in 
apparent diffusion coefficients that are too 
high when the surface concentration exceeds 
the solubility of electrically active sulfur at 
the diffusion temperature. 

4. DISCUSSION 

The diffusion of substitutional impurities 
in I i I—V compound semiconductors has usu¬ 
ally been explained in the literature by a 
model based on vacancy diffusion within a 
single sublattice [1], This model predicts that 
the diffusion of sulfur in GaAs should be 
proportional to the concentration of arsenic 
vacancies [ V A8 ] (the vacancies are assumed to 
be neutral in this discussion). Thus 

0“A 1 [V A J = /C 2 (/> As< )-^ (4) 

where Xj and X 2 are equilibrium constants. 
Similar equations can be written for impurity 
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diffusion on the gallium sublattice, as well as 
for diffusion in GaP. it is clear that this sub- 
iattice model does not agree with our observed 
pressure dependence of the diffusion coeffi¬ 
cient of sulfur in either GaP or GaAs. The 
findings of other workers on self-diffusion in 
InSb[2], and the diffusion of Zn in GaAs[10j, 
Zn in GaP[19], Se in GaAs [8], and Mn in 
GaAs[16] are also in conflict with the sub¬ 
lattice model. The failure of the sublattice 
model to explain the dependence of the diffu¬ 
sion coefficient on component pressure ap¬ 
pears to be a general phenomenon in III—V 
compound semiconductors. 

In the following discussion, models of sulfur 
diffusion in GaP and GaAs are presented 
which can explain the quantitative depend¬ 
ence of the diffusion coefficient on component 
pressure. In addition, a qualitative explana¬ 
tion for the apparent decrease of the diffusion 
coefficient at high sulfur concentrations is 
given. Finally, the anomalous dependence of 
the surface concentrations of the diffusion pro¬ 
files on the sulfur vapor density is pointed out 
and possible explanations are discussed. 

(A) Diffusion of sulfur in GaP 
In the work reported here, sulfur diffusion 
in GaP was found to be independent of phos¬ 
phorus pressure. Nygren and Pearson[19) 
have shown that the diffusion rate of Zn in 
GaP can be changed significantly by varying 
the phosphorus pressure. Since zinc diffusion 
at high concentrations is much faster than 
sulfur diffusion in GaP, it is unlikely that non- 
equilibrium effects between the external phos¬ 
phorus vapor and the vacancy concentration 
in the crystal are responsible for the lack of 
dependence of sulfur diffusion on phosphorus 
pressure. 

A simple model that can explain the lack 
of dependence of sulfur diffusion on phos¬ 
phorus pressure is diffusion by means of di¬ 
vacancies. From simple mass action relations, 
it can be shown that the concentration of di¬ 
vacancies [(V 0a V,,)] is a function only of 
and is independent of phosphorus 



pressure[2]. In the basic jump process, sulfur 
on a phosphorus site presumably jumps to 
the phosphorus vacancy end of the divacancy. 
Although the basic jump to the phosphorus 
vacancy is exactly the same as in the sub¬ 
lattice model, the presence of the gallium 
vacancy means that less distortion of the 
lattice is required during the diffusion process. 

The presence of electrically inactive im¬ 
purities in GaAs and GaP heavily doped with 
the group VI donors has been attributed to 
the formation of neutral complexes such as 
(V f;a Se..,)[5,6,20] or to the presence of pre¬ 
cipitates of Ga,Se : i|25,26], The apparent de¬ 
crease in the diffusion coefficient of sulfur 
in GaP at high concentrations can be inter¬ 
preted qualitatively in terms of the analogous 
complex (VcA). If most of the sulfur is in 
the form of such complexes, but the diffusion 
flux is by the movement of isolated substitu¬ 
tional S,t donors via divacancies with a diffu¬ 
sion coefficient D ri „ the effective diffusion 
coefficient D is given by 


n — n djS/] /)„, 3[S/j 

,,r ff(S] ~ 3 a[(v (ia s 3 )] ’ 


(5) 


where IS] is the total sulfur concentration. 
The equilibrium between the mobile and im¬ 
mobile forms of sulfur is 


3S,. 4 +3e + V Ga «=* (V, ;a S;,). (6) ' 

The corresponding mass action equation in 
the extrinsic region is 

l(V 0a S 3 )] = KJSp-nVoJ. (7) 

From equations (5) and (7) it can be shown 
that D is proportional to fS]~ 5/6 . Thus the 
diffusion coefficient should decrease at high 
sulfur concentrations since a smaller fraction 
of the total sulfur is free to move. Although 
the immobile species in this discussion has 
been taken to be the (V 0a S 3 ) complex, the 
same qualitative result would have been ob¬ 
tained" for any model which invokes an im- 
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mobile molecular majority species at high 
sulfur concentrations. A second phase of 
Ga 2 S 3 (which can be thought of as a macro¬ 
scopic clustering of isolated complexes) might 
be responsible for the shape of the diffusion 
profiles at high sulfur concentrations [21]. 
It is noted, however, that the diffusion tem¬ 
perature for which the results in Fig. 2 were 
obtained (1215°C) is considerably higher than 
the melting temperature of Ga^ (1090°C) 
[22]. Under equilibrium conditions at the 
diffusion temperature, Ga^ should not 
exist as a stable solid phase. 


(B) Diffusion of sulfur in GaAs 

The diffusion coefficient of sulfur in GaAs 
was fqund to be independent of arsenic pres¬ 
sure above 0-5-1 atm and varied as (P As .) vl 
at lower pressures. A simple model that can 
explain these results is diffusion via the gallium 
divacancy (V Ga V Ga ). 

Sulfur is assumed to be present in the crystal 
in two forms. The usual sulfur donor on an 
arsenic site, S As + = C 2 , is assumed to be 
immobile. However, it can interact with a 
gallium divacancy to form the mobile complex 
(V Ga S As + V Ga ) = Ci. This mobile species is 
assumed to have the diffusion coefficient £>,. 

The equilibrium between the mobile and 
immobile species is given by 

C a + (V Ga V Ga )5±C, (8) 

and the corresponding mass action equation 
is 

[C 2 ][(V Ca V Ga )] = X 4 [C,]. (9) 


The concentration of gallium di vacancies is 

f(v Ga v Ga )] = A :,(P Att ) w no) 


and the 'conversion-of-sulfur' equation is 

[C,] + [C 2 ] = [S], (11) 

Solving equations (9-11) gives 
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and 

Ci = [ir^k^] [S] - (13) 

The K's in the above equations are equi¬ 
librium constants. The effective diffusion co¬ 
efficient D is 


n — n d[(-.ij _ n 

° Ul d[S] 


1 

[l + K^iP As J 1 / 2 J" 


(14) 


The variation of diffusion coefficient with 
arsenic pressure predicted by this model is 
in agreement with the experimental results. 
At low arsenic pressures, the concentration 
of gallium vacancies is low. Thus the concen¬ 
tration of the mobile species C, is low and the 
effective diffusion coefficient is small. As the 
arsenic pressure increases the concentration 
of C, increases and there is a corresponding 
increase in the effective diffusion coefficient. 
Finally at some high arsenic pressure, essen¬ 
tially all of the sulfur is in the mobile form and 
the effective diffusion coefficient saturates 
at the value D,, which is simply the diffusion 
coefficient of the complex C,. 

Although the mass action equations indi¬ 
cate that diffusion via gallium divacancies 
is a possible mechanism for sulfur diffusion 
in QaAs, the detailed atomic jump process is 
not known. It is reasonable, however, to 
assume that a direct exchange between sulfur 
on an arsenic site and an arsenic atom at the 
second-nearest-neighbor position (not an 
arsenic vacancy as in the sublattice model) 
can be considerably enhanced in the presence 
of a gallium divacancy. 

Another assignment that predicts the pres¬ 
sure dependence observed in this study is to 
assume that Ci is a mobile interstitial donor, 
Sj + , which can react with an arsenic divac¬ 
ancy (VasVaj) to form the immobile complex 
(S A + V A „). This is essentially a modified version 
of the interstitial-substitutional model and in 
the saturation region at high arsenic pressures 
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most of the sulfur would be in interstitial posi¬ 
tions. Under our experimental conditions, 
interstitial concentrations of nearly 10 19 cm -3 
are implied. This seems rather high in com¬ 
parison with interstitial solubilities in Ge and 
Si, and taken together with the rather low 
values of the diffusion coefficient at high tem¬ 
peratures suggests that sulfur diffusion in 
is not controlled by an interstitial species. 

At high sulfur concentrations, the diffusion 
profiles arc not simple complementary error 
function. It is likely that the same mechanism 
discussed above for sulfur in GaP is respon¬ 
sible for the high-concentration diffusion be¬ 
havior of sulfur in GaAs. 

(C) Solid solubility vs. vapor pressure of 
gaseous impurities 

The usual model for incorporating sulfur 
donors from the vapor phase into phosphorus 
sites in a GaP crystal can be described by 
the reaction 

iS 2 (vapor) + V r & S P + + e~. (15) 

In extrinsic material the mass action equation 
is 

is/j= (K 7 y' i (P s ,)' l W- m . 06) 

Thus the simple model predicts that the solu¬ 
bility should increase as the fourth root of 
the sulfur pressure P St . 

The experimental results presented above 
indicate clearly that this dependence is not 
observed. The dependence of the surface con¬ 
centration on the sulfur pressure for both 
GaP and GaAs was found to be considerably 
stronger, as given by the relation C„ = k[S r ] w . 
where k t is a constant and w is 1-3 for GaP at 
1215°C and I -0 for GaAs at 1130°C. Since the 
sulfur vapor should be predominantly in the 
form of diatomic molecules, the relation be¬ 
comes C, = k t {P s ,) w . A limited number of 
experiments indicated that the profiles scaled 
as the square root of time and that the surface 
concentration was relatively independent of 
time. Thus the assumption of an infinite source 
seems to be valid and the surface concentra¬ 


tion of the diffusion profiles should be equal 
to the solubility under the diffusion conditions. 

Trumbore et al.[ 6] reported that the solu¬ 
bility of sulfur in GaP grown from a gallium- 
rich solution was proportional to the square 
root of the mole fraction of sulfur in the solu¬ 
tion for sulfur concentrations in the crystal 
between 2 and 5 x ]0 ,9 cm~ 3 . The anomalous 
behavior at lower concentrations was later 
attributed to a non-equilibrium process in¬ 
volving a facet effect [23]. If these results are 
assumed to be valid, then sulfur in GaP at 
concentrations less than 5x 10 19 cm~ 3 is pre¬ 
dominantly an ionized donor on isolated phos¬ 
phorus sites. At this time, it is diffcult to 
explain the lack of agreement between our 
surface concentration measurement and 
equation (16). Three possible reasons are 
mentioned below. 

One possibility is the formation of a second 
phase such as the compound GaaSa at the 
surface of the sample. This seems unlikely, 
however, since the anomalous results were ob¬ 
tained at sulfur vapor densities as low as 0-2- 
0-6/u.g/ml and for temperatures much higher 
than the melting point of Ga 2 S 3 (1090°C). 

A second reason for the anomalous be¬ 
havior of surface concentration with sulfur 
vapor density reported above might be a non¬ 
equilibrium steady-state reaction at the sur¬ 
face of the crystal, perhaps caused by the 
necessity to dissociate the diatomic sulfur 
vapor into the atomic species. This model has 
been proposed to explain anamalous effects 
when Sb is diffused into Ge [24]. 

A third possibility that should be investi¬ 
gated is a modified gas phase. In the discussion 
above, it has been assumed that the sulfur in 
the vapor phase exists as diatomic molecules. 
This should be true providing there is no inter¬ 
action between the sulfur and other gaseous 
species. The need for more detailed informa¬ 
tion on the gas phase equilibria in the ternary 
system at high temperatures is evident. 
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Abstract —The electrical resistivity of several dilute PdCo alloys has been measured over the tem¬ 
perature range 0-45-300°K. At temperatures well below the ordering temperature the incremental 
resistivity of the alloy follows a T 312 limiting behaviour, in agreement with the predictions of a theoreti- 
ct 1 model in which a significant contribution to the low temperature electrical resistivity arises from s- 
el ictron scattering from excitations of a non single-particle type in the coupled d-band-impurity 
moment system of the alloy. At temperatures immediately below the ordering temperature, a linear 
decrease of incremental resistivity with decreasing temperature is observed, as would be expected on a 
molecular field model. On the basis of these two models, the r-electron local moment coupling strength 
in dilute PdC o and Pd Fe is compared, and shown to be stronger in the former system. Numerical 
estimates of this coupling strength are also made on the basis of a theory due to Yosida. In Pd Co the 
magnitude of this coupling strength varies from 0-071 eV (in the 0-098 at.% Co alloy) to 0-133 eV (in the 
0-73 at.% Co alloy), almost exactly double the values obtained from a previous investigation on Pd Fe 
alloys of comparable concentration. 

Various approaches are used in an attempt to fit the observed concentration dependence of the 
ordering temperature, and a comparison of these in Pd Co and Pd Fe enables the relative magnitude of 
the strength of the d-elcctron local moment coupling in these two systems to be compared. 


INTRODUCTION 

In that broad class of dilute magnetic alloys 
(containing < 1 at.% impurity) of which Cu 
Mn is regarded as typical, the onset of magne¬ 
tic ordering is rather undramatic. The magnetic 
susceptibility [1,2], magnetic specific heat [3] 
and electrical resistivity [2] exhibit a broad 
maximum at low temperatures. In the latter 
respect dilute alloys of Mn, Fe or Co in Pd are 
unique,t since the transition to the ordered 
state produces a sharp anomaly in the electri¬ 
cal resistivity. This takes the form of a rapid 
decrease of the resistivity with decreasing 
temperature, below the ordering temperature 
TAM- This striking difference in behaviour 
reflects the nature of the ordering in the two 


*This work has been sponsored in part by the Air 
Force Materials Laboratory (AFSC) through the Euro¬ 
pean Office of Aerospace Research (OAR), United States 
Air Force, under Contract F6I052-68-C-0011, 
tMagnetization and Mossbauer measurements reveal a 
similar behavior for these impurities in Pd or Pt (see, for 
example, SEGAN R„ Phys. Rev. 160, 404 (1967)). How¬ 
ever, no electrical resistivity measurements have been 
made on the Pt based alloys. 


types of systems. The former type orders 
through an indirect coupling via the conduc¬ 
tion electrons, induced by the relatively rapid 
oscillations of an RKKY type interaction[5], 
to form a ‘disordered’ antiferromagnetic 
ground state, whereas the latter type have a 
well defined ferromagnetic ground state. This 
difference in behaviour originates from the 
nearly ferromagnetic, itinerant character of 
the Pd d-band, which manifests itself in an 
exchange enhancement of the range of the 
induced polarization. This tends to suppress 
the RKKY oscillations out to relatively large 
distances [6, 7], The last point is strongly sup¬ 
ported by the neutron diffraction work of Low 
et al.[ 8], and by the analysis of Mossbauer 
data on dilute PdPc[9] and PdC of 10]. 

We have recently investigated the proper¬ 
ties of this ordered state by measuring the 
electrical resistivity of several dilute Pd Fe 
alloys down to He 3 temperatures[11], The 
results were interpreted on the basis of a 
model in which the low temperature (T <Z T c ) 
electrical resistivity is dominated by s-elec- 
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tron scattering from excitations of a non 
single-particle type in the coupled d-band- 
impurity moment system. It is the purpose of 
this paper to report on a similar experimental 
investigation into the electrical resistivity of 
the dilute Pd Co system, the results of which 
can be interpreted within the framework of 
the theoretical model mentioned above, and 
on the basis of this interpretation to present a 
comparison of the Pd Fe and Pd Co systems. 

EXPERIMENTAL 

Cobalt enters the palladium lattice sub- 
stitutionally, and disordered f.c.c. solid solu¬ 
tions are formed for cobalt concentrations 
well in excess of the highest employed in this 
investigation[12]. 

The palladium used was of 99-999% purity, 
and was supplied in the form of sponge by 
Johnson Matthey & Co. (London). The cobalt 
was of 99-99% purity, also in the form of 
sponge, supplied, Koch-Light Ltd. (England). 

Initially, a master alloy of approximate com¬ 
position Pd —5 at.% Co was prepared by 
melting the appropriate amounts of the two 
elements together in a water cooled 'copper- 
boat induction furnace’! 131, surrounded by an 
inert atmosphere of argon. (This type of in¬ 
duction furnace has several useful advantages 
for alloy work. During melting, sample levi¬ 
tation occurs, and this considerably reduces 
the possibility of contamination. In the molten 
state the alloy constituents are thoroughly 
mixed by the stirring effects of induced cur¬ 
rents, while rapid cooling follows the removal 
of the r.f. field, as the alloy is lowered back 
into the water cooled boat.) The master alloy 
was inverted and remelted five times to ensure 
homogeneity. It was etched in a solution of 
nitric acid and hydrogen peroxide, cold- 
rolled between Melinex sheets [14] to a thick¬ 
ness of about 0-25 mm, sealed in an evacuated 
silica tube and finally annealed for 24 hr at 
1100°C. 

Alloys of approximate Co concentration 0-1 
at.%, 0-2 at.%, 0-3 at.%, 0-5 at.%, 0-7 at.% and 


1-0 at.% were prepared by remelting the 
master alloy and pure palladium in the neces¬ 
sary proportions. Each alloy was homogenised 
by inverting and remelting several times. This 
was followed by etching, cold-rolling between 
Melinex to thicknesses varying from 0-01 (0-1 
at.% Co) to 0-015 cm (1 -0 at.% Co); the alloys 
were then cut into strips 2-3 mm wide and 10 
cm long. After cutting the samples were 
etched, and then finally annealed for 30 hr at 
1100°C in the manner described previously. A 
seventh alloy, of approximate composition 
Pd-0-1 at.% Fe was also prepared, by dilut¬ 
ing part of a Pd-4-6 at.% Fe master alloy pre¬ 
viously prepared! 11], with the appropriate 
amount of ‘pure’ Pd. It was etched, rolled and 
cut in the manner detailed above, and was 
annealed with the six Pd Co samples. 

The samples were mounted in a holder 
capable of accommodating up to six samples, 
and a 30 mA current passed through them. 
Their resistivities were measured using the 
standard four-probe d.c. potentiometric cir¬ 
cuit, incorporating a Tinsley Disselhorst 
potentiometer and galvanometer amplifier 
capable of reproducible measurements to 2 X 
10 -8 V. Using a conventional He 3 cryostat the 
sample resistivities were measured over the 
temperature range 0-45-300°K; temperatures 
below 4-2°K were stabilised and measured to 
within ± I millidegree (using He 4 and He 3 
vapour pressures), and above 4-2°K to better 
than ± 1 per cent (using gas thermometer 
techniques). 

Finally the area to length ratios of the 
samples were measured by a technique 
similar to that employed by Dugdale and 
Basinski[15]. 


EXPERIMENTAL RESULTS 
From the measurements taken it was pos¬ 
sible to calculate the absolute resistivities of 
the various alloys. The general form of the 
temperature dependence of the electrical 
resistivity is similar to that reported by 
Schwaller and Wucher[4], although a detailed 
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comparison with their published data is 
difficult. 

Figure 1 shows the variation, at low tem¬ 
peratures, of the incremental resistivity Ap 
(TX-P^W-P^W) of Pd-0-098 at.% 
Co and Pd-0-10at.% Fe[16]. In both alloys 
the transition to the ordered state can be seen. 
Below the ordering temperature ( T c ) the incre¬ 
mental resistivity decreases linearly with 
decreasing temperature, while at temperatures 
well below T c deviations from this linear 
behaviour are observed. This figure in fact 
provides an excellent comparison of the two 
alloy systems; these two alloys have practi¬ 
cally identical impurity concentrations and as 
Fig. 1 indicates, very similar ordering tempera¬ 
tures. Below the ordering temperature both 
systems exhibit a linear decrease of incremen¬ 
tal resistivity with decreasing temperature, 
but the magnitude of this coefficient is much 
larger in the PdC o system than in the Pd Fe 
system. In the latter system the transition to 
the ordered state is exceptionally well defined, 
and this enables an unambiguous estimate of 
an ordering temperature to be made. The 


0-098 at.% Co alloy, however, has a much 
broader transition, and consequently it is 
rather more difficult to estimate T e accurately. 
The following definition of T c has therefore 
been used in the Pd Co system: the ordering 
temperature is taken as the highest tempera¬ 
ture at which the linear (Ap(T) — T) be¬ 
haviour, mentioned previously, persists. 

Figure 2 shows the detailed low tempera¬ 
ture behaviour of Ap( T) in the 0-2 and 0-3 at.% 
Co alloys, together with inserts showing the 
behaviour of their resistivities p(T) in the 
vicinity of their ordering temperatures. 

Figure 3 reproduces the temperature depen¬ 
dence of Ap(T) over the entire temperature 
range examined, for the five more concen¬ 
trated alloys. The data on Pd-010at.% Fe 
and Pd-0-098 at.% Co have been omitted 
from these plots since their incremental resis¬ 
tivities at room temperature are only about 2 
per cent of the absolute resistivity of Pd. This 
means that a change of 0-5 per cent in the area 
to length ratio of these samples (the estimated 
maximum error in the measurement of this 
ratio) produces a 15 per cent change in Ap at 
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Fig. I. The incremental re iistivily Ap( T) (in pH cm) for Pci-0-1 at.% Fe and Pd- 
0-098 at.% Co at low temperatures. The vertical error bars correspond to a voltage 
uncertainty of ± 2-10~ s V. 




Temperature , *K 


Fig. 2. The low temperature behaviour of the incremental resistivity ApCO (in 
pfl cm) for Pd-0-2 and 0 3at.% Co. The inserts show the behaviour of their 
resistiviliexplTHinpO cm) near T r 



Fig. 3. The incremental resistivities Ap(D (in pO cm) for Pd-0-2, 0-3. 0-51. 
0-73 and 1 05 at.% Co over the entire temperature range examined. 
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such temperatures. The absolute resistivity of 
the ‘pure’ Pd sample, measured at the ice- 
point, provides a useful check on the measured 
area to length ratio: the value obtained in this 
investigation, 9-93(3) ±0 05 /tflcms, com¬ 
pares favourably with previous values [17], 

DISCUSSION 

In relation to the transport properties of Pd 
and dilute Pd Ni alloys, the importance of s- 
electron scattering from spin density fluctua¬ 
tions (paramagnons) in the d-band of the Pd 
host has been demonstrated by the recent 
work of Schindler and Rice [18], In alloys of 
the Pd Fe, PdCo type, at temperatures above 
the ordering temperature, similar considera¬ 
tions should also be important. However, at 
temperatures below the ordering temperature, 
a significant contribution to the electrical 
resistivity should arise from .v-electron scatter¬ 
ing from real spin waves in the coupled d- 
band-impurity moment system. Turner and 
Long[19] have investigated this type of model 
theoretically, using the Hamiltonian originally 
suggested by Doniach and Wohlfarth [20], and 
their predictions have recently been used to 
account for the majority of the low tempera¬ 
ture properties of the electrical resistivity of 
dilute Pd Fe alloys [11]. A brief description of 
this model and its predictions follow: in dilute 
alloys a( temperatures well below the order¬ 
ing temperature, the predicted form of the 
incremental resistivity in the alloy is: 

Ap( T) = Ac+ BT M /c m (1) 

(A and B are numerical factors, and c is the 
impurity concentration). The first term on the 
right in (1) represents the effects of elastic 
scattering: both the elastic pail of the ex¬ 
change scattering and the ‘potential’ scatter¬ 
ing arising from the departure of the spin 
independent lattice potential from perfect 
periodicity (due to the presence of the impuri¬ 
ties) contribute to it. The second term in (1) 
has three contributions: the first arises from s- 
electron spin flip scattering from impurity 


moments in the coupled d-band system. The 
resulting spin deviation propagates as a spin 
wave in this coupled system. Electron-magnon 
scattering in ‘pure’ ferromagnets contributes a 
T 2 term to the low temperature electrical 
resistivity[21], the impurity spins in the 
coupled d-band of the alloy, however, do not 
possess translational symmetry, and this, 
Turner and Long claim, results in a limiting 
T 3n contribution. It is also argued that the 
contribution from s-electron spin flip scatter¬ 
ing from interacting d-electron-hole pairs in 
the alloy is reasonably well accounted for, 
both above and below T c , by subtracting the 
Pd resistivity from that measured for the alloy. 
The second contribution to the second term in 
(1) comes from the temperature dependence 
of the elastic part of the exchange scattering, 
and the third contribution to this term from 
‘interference’ effects between potential and 
elastic exchange scattering. The former 
yields a contribution which is proportional 
to ( M ' z ), the mean of the squared magneti¬ 
zation, and the latter, in the strong potential 
scattering limit is proportional to (M) 2 the 
mean magnetization, squared. The dependence 
of both terms on the magnetization agree with 
that deduced previously by Yosida[22]. For a 
system ordering ferromagnetically, both 
terms lead, in the low temperature limit, to 
contributions to A p(T) which are pro¬ 
portional to T 312 . 

In transition metal alloys of the type under 
consideration here, the ‘induced’ferromagnet¬ 
ism is a property of the d-band, and hence 
reflects the coupling between the d-electrons 
of the host and the local spin. Thus, as ex¬ 
pected, the model of reference [19] gives T c <=c 
Urt.iocail 2 - the other hand the transport 
properties of such alloys are predominantly 
determined by those factors which give rise to 
the scattering of electrons in the 5-band. The 
incremental resistivity of the alloy should 
therefore reflect the 5-electron-local moment 
coupling strength; in fact Turner and Long 
give the coefficient B (in [1]) « l^iocail 2 - 

Figures 4-6 show Ap(T) plotted against 
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Fig. 4. The incremental resistivity Ap(7) (in /idem) 
plotted against T w (in °K a ' 1 ) tor Pd 0-1 at.% Fe. 



Fig. 5. The incremental resistivities Ap( T) (in nil cm) of 
Pd-0-2 and0-3 at.% Co plotted against T m (in°K 3! ). Note 
the change in zero. 

T m , and it is clear from these that the limiting 
low temperature form of Ap( T) in all the 
alloys examined is that predicted in (1). (The 
Pd-0-098at.% Co is not included in these 
plots since, as Fig. 1 indicates, insufficient 
points exist at temperatures below = 0 5°K to 
establish its limiting behaviour with any 
degree of certainty.) These figures enable Ap 
(T — 0) and the coefficient of the T 3 ' 2 term to 
be estimated; these, and other parameters, 
are listed in Table 1. Figure 7 indicates that 
Ap( T=0) is linearly proportional to the 



0 S 10 

y3/2 «^3/2 


Fig. 6. The incremental resistivities Ap( T) (in pfl cm) of 
Pd-0-51, 0-73 and I 05 at.% Co plotted against T m (in 
“K. 3 ' 1 ). Note the change in zero. 



0Z 04 06 OB 10 

Concentration , at.% Co 


Fig. 7. Ap( T = 0) (in pfl cm) plotted against concentra¬ 
tion (in at.%). The error bars on the concentration 
correspond to the values listed in Table 1. 

impurity concentration, as would be expected 
in this dilute limit. The zero temperature incre¬ 
mental resistivity for Co in Pd is estimated 
from this figure to be l-40±0-04p.flcm/at.% 
Co. Ap(T = 0) for the Pd-010at.% Fe alloy 
is similarly estimated to be 0-193p.ncm, in 
very good agreement with our previously 
determined values for the PdFe system[ll] 
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Table 1 


Estimated from 
initial masses 

Analysed 

(at.%) 

Taken 

(at.%) 

T C (°K> 

Ap(0) 

(/iflcm) 

Coeff. of T Mn term 
((*aW 0 !C«) 

Coeff. of linear 
decrease 
(fiil cm/“K) 

Pd-0-10at.% Fe 

010 

0- 10 ±0005 

0-78 ±0-002 

0-1927 

1-05(5) x 10-* 

0-0125 

Pd-0’10at.%Co 

0 096 

0 098 + 0 005 

0-79±0-01 

0-1400 

— 

0-0209 

Pd-0-20 at.% Co 

019 

0-20 + 0-01 

2-95 ±0-05 

0-2914 

1-38(0) x 10 - * 

0-0235 

Pd-0-30at.% Co 

0-29 

0-30 + 0-015 

6-45 ±0-05 

0-4563 

0-83(3) x 10 -s 

0-0198 

Pd-0-50 at.% Co 

0-53 

0-51 ±0-02 

16 2 +0-2 

0-7381 

0-50(6) x lO* 

0-0187 

Pd-0-70at.%Co 

0-76 

0-73 + 0-03 

27-5 ±0-3 

1-0378 

0-34(6) x 10 - * 

0-0194 

Pd-10 at.% Co 

109 

1-05 + 0-05 

44-0 +0-5 

1-4144 

0-21(5) XIO - * 

0-0196 


(A, iri equation (1) being ~ l-9p.Ocm/at.% 
Fe). This previous investigation also indicated 
that the concentration dependence of the 
coefficient of the T 312 term is not that predicted 
in equation (1), but is best represented by Be - ' 
with B estimated at ~ 1 -08 x 10~ 3 fx.il cm at.% 
Fe/(°K) 3/2 . In Fig. 8 the coefficient of the T 312 
terms for the five more concentrated Pd Co 
alloys are plotted against c -1 ; this figure shows 
that within the experimental error, the con¬ 
centration dependence of this coefficient is 
again well represented by Bc~K with B esti¬ 
mated at (2-7±0-l)x 10 -3 pflcmat.% Col 
(°K) 3/2 . Table 1 also contains the coefficients 
of the linear decrease in Ap(T) immediately 
below T r . These are roughly concentration 
independent, showing that a molecular field 
approach provides a reasonably good descrip¬ 
tion of the dilute Pd Co system in this tem¬ 
perature region, as was the case in PdFe. 
However, the magnitude of B is about a fac- 



Fig. 8. The coefficients of the T m terms (in fiil cml°K vt ) 
in Pd-0-2, 0-3, 0 51,0-73 and 1-05 at.% Co plotted against 
inverse concentration (in at.% -1 ). 


tor of 2-5, and the coefficient of the linear 
decreases below T c about a factor of 2 larger 
in PdC o than in Pd Fe. Since the magnitude 
and concentration dependence of the satura¬ 
tion magentization (and T e ’s) of 1 at.% or less 
of Co or Fe in Pd is quite similar[23,24,25], 
this means that | 1 /,. loca i| is much stronger in 
the Pd Co system. 

A comparison of the magnitude of |7,.iocai| 
in the two systems is also afforded by the 
theories of Yosida[22] and Kasuya[21]. For 
example, Yosida’s equation (19) can easily be 
manipulated to give values for A p(T c ) and 
Ap(0); these form a pair of simultaneous 
equations for |7,. 1(K;al | 2 and V 2 (the deviation 
of the spin-independent lattice potential from 
perfect periodicity). For a system ordering 
ferromagnetically, the resulting quadratic 
equation yields [26]: 

|y,-,oca.| 2 = [2(25 + 1) A'p ( T c ) - A'p(0) ± 

(85(25+1 )A'p( T c )A'p(0) 4- A'p(0) 2 ) 1/2 ] 

(2 x 5-78 X 5 (25 + l) 2 ) -1 (2) 

5 is the on site’ local spin; A'p(T c ) and A'p 
(0) are the incremental resistivities/at.% at the 
appropriate temperatures. Table 2 lists the 
values of Ap(0) and Ap(T c ), as obtained from 
the experimental data. However, examination 
of Fig. 3 reveals that in the Pd Co system, Ap 
( T) is not independent of temperature above 
the ordering temperature, while the form of its 
temperature dependence suggests the same 
origin as similar effects observed in dilute 
non-magnetic alloys [15]. In non-magnetic 
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Table 2 


Alloy 

Ap(T r ) 
(pil cm) 

Estimated 
correction 
(/ufl cm) 

Corrected 
Ap(T c ) 
(fj.il cm) 

l^g-locall 

(eV) 

F(eV) 

ForWFe[ll] 

lA-ioc«il(eV) 

Pd-O-I at.% Fe 

0-1998 

0 

0-1998 

0-034 

0-58 



Pd-0-098 at.% Co 

01539 

0 

0-1539 

0-071 

0-51 



Pd-0'20at.% Co 

0-3505 

0 

0-3505 

0-111 

0-53 

Pd-0-16 at.% Fe 

0-051 

Pd-0-30 al.% Co 

0-5659 

0-0054 

0-5605 

0-129 

0-54 

Pd-0-23 at.% Fe 

0-059 

Pd-0-51 at.% Co 

0-9981 

0-0306 

0-9675 

0-133 

0-54 

Pd-0-41 at.% Fe 

0-060 

Pd-O-73 at.% Co 

1-4860 

01022 

1-3838 

0-133 

0-54 

Pd-0-54 at.% Fe 

0-064 

Pd-l-05al.%Co 

2-0835 

0-2835 

1-8000 

0-105 

0-52 

Pd-0-78 at.% Fe 

0-064 


alloys this temperature dependence results 
from the breakdown of Matthiessen’s rule, 
and is attributed to the existence of several 
comparable scattering mechanisms with 
different anisotropies. In the Pd Co system 
these could arise from increasing contribu¬ 
tions from modified paramagnon and phonon 
scattering (compared with impurity spin- 
disorder scattering) as the temperature 
increases. In estimating the magnitude of 
Jthe observed values of Ap( T c ) must be 
corrected for deviation. 

Figure 9 shows that within ± 1 per cent, the 
temperature dependence of A f>(T)c~' above 
T c has the same functional form in all the 
alloys examined. This suggests that an esti¬ 
mate of the necessary correction can be ob¬ 


tained by measuring the deviation up to the 
appropriate ordering temperature in Fig. 9, 
and simply scaling the result for the concen¬ 
tration of the alloy being examined. The 
results obtained in this way are summarised in 
Table 2; having used S(Fe) = j and S(Co) = 
1{8,27]. The results obtained from Yosida’s 
approach give |7,. l()Cal | 2 to be a factor of 4 
larger in PdCo than in Pd Fe; a comparison 
of the coefficients of the T 3/2 term (well below 
T r ) gives a factor of 2-5, while the coefficient 
of the linear decrease below T c a factor of 2. 
Each approach thus suggests that the magni¬ 
tude of the coupling strength between the con¬ 
duction electrons in the s-band and the local 
moment is considerably larger in Pd Co. The 
disagreement, in numerical terms, is not too 




Fig. 9. Ap(T)c~' (in pil cm/at.% Co) plotted against temperature (in °K), above 
the ordering temperatures: 00-2; + 0-3;#0-51: xO-73: 0 l-05at.%Co. 
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surprising since each approach, while giving a 
reasonably good description of the systems in 
general terms, fail to predict accurately the 
more subtle effects. For example, the approach 
of Turner and Long gives the correct tempera¬ 
ture dependence of A p(T T c ), but incor¬ 
rectly predicts the concentration dependence 
of the coefficient of the T m terms: applica¬ 
tion of a molecular field approach immediately 
below T c yields a linear decrease of A p(T) 
with decreasing temperature, as observed, 
but also predicts that the coefficient of this 
linear decrease should be concentration inde¬ 
pendent, Table 1 demonstrates that while 
being nearly concentration independent, some 
variation does occur. Finally Yosida and 
Kasuya’s approach suggest that |7,. UK;a i| 
should be independent of concentration, Table 
2 indicates that this is not the case. Thus, 
while agreeing in general terms all three 
approaches break down in attempting to pre¬ 
dict concentration dependences. This could 
well reflect the molecular field approximation 
which is used at some stage in each model; 
this predicts that T c oc c. Table 1 shows that 
this is definitely not so. 

A careful examination of the values of the 
ordering temperatures listed in Table 1 
indicate that for a given concentration its 
magnitude is quite close to that in the Pd Fe 
system [M], In both systems T c has a compli¬ 
cated dependence on concentration, and as 
yet no single approach has been able to suc¬ 
cessfully account for the observed depen¬ 
dence over the entire concentration range 
examined. This again is not unexpected since 
in these alloys the impurity concentration 
ranges over a decade (0-1 — 1-0 at.%), and the 
most dilute alloys examined are very near the 
limiting concentration necessary for the appear¬ 
ance of ferromagnetism[25], For impurity 
concentrations greater than about 0-15at.%, 
Fig. 10 indicates that the relation: 

T c = T 0 . c" (3) 

is reasonably well obeyed in both Pd Fe and 
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Fig. 10. Log,,, ( T r (in °K)) plotted against log, 0 concentra¬ 
tion (in at.%)): O PdC o:# Pd Fe. 


Pd Co. From this figure n= 1-55 ±0-08 in 
both systems, while T 0 = 51 ±2°K/(at.%) n in 
Pd Fe, and T 0 = 43 ± 2°K./(at.%)" in Pd Co. 
In equation (I), before inserting the molecular 
field splitting of the t/-band (which gives T c * 
c), the form of the T 312 term is: 



using T c *> c 15 (as suggested by Fig. 10) 
yields Bc~ 314 T 312 , in much closer agreement 
with the observed concentration dependence 
of this term. Following the remarks made in 
the opening section concerning the exchange 
enhancement of the range of the induced 
polarization, it seemed a reasonable alterna¬ 
tive to attempt to fit the observed ordering 
temperatures to the formula of Trousdale et 
al.[ 9]. This is based on a model in which the 
induced polarization has a spatial variation 
given by exp (— r 2 cr~ 2 ), a being a characteris¬ 
tic range. This leads to: 

T r °° exp [— constant (o- 2 c 2/3 ) -1 ]. (4) 

Figure 11 shows that in the dilute Pd¥t 
system the concentration dependence of T c 
reasonably well described by equation (4), for 
concentrations in the range 0-1 at 0-8 at.% Fe. 
In Pd Co however, the above relationship 
breaks down for concentrations again below 
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Fig. 11. Logic (7V (in ®K.)) plotted against c~ m (in 
O PdCa. • Pd ft. 


about 0-15 at.%. Figure 11 also indicates 
that above this lower limit the range of 
polarization in the two alloy systems is 
approximately the same, in agreement with 
the neutron diffraction data on low concentra¬ 
tion alloys (8J. 

As previously mentioned, the magnitude of 
the ordering temperature reflects the coupling 
strength between the ^-electrons of the host 
and the local spin, J d .,Reference [19] 
gives: 

LT — l^ri-locall^M (0) 

l ' 24K 0 \ZH)™ } 

S is on the ‘on site’ impurity spin; c - the con¬ 
centration; A/(0) the ’unenhanced' density of 
tf-states of one spin orientation at the Fermi 
level; Z the number of d holes per atom, and 
AmT* (= 1 — IN (0)) the Stoner parameter (/ 
being the intra-atomic Coulomb interaction 


for ^-electrons). Table 3 lists the values ob¬ 
tained for IJrf-tocail using equation (5), with 
N(0) K 0 ' 2 estimated at « 12/eV per atom 
(from the low temperature magnetic suscepti¬ 
bility of Pd); Z = 0-36 [26], AT 0 2 -= 0-I4[28], 
and with S(Co) = 1, S(Fe) = 1, as previous. 
This table indicates the |7 (Wocal | ' s about 10 
per cent larger in Pd Co than Pd Fe. The con¬ 
centration dependence of this parameter 
again reflects the molecular field approxima¬ 
tion used to obtain equation (5). 

The increased coupling ofbothj-and ^-elec¬ 
trons to the impurity spins in Pd Co means 
that in this alloy system the transport proper¬ 
ties should be rather more sensitive than in 
WFe to d-band ‘fluctuations’. The latter 
could be of the spin density type, or simply a 
natural consequence of the random nature of 
these alloys, which results, especially in low 
concentration alloys, in small statistical fluc¬ 
tuations in the impurity density (in distances 
of the order of the inter-impurity spacing) and 
hence in the ‘local’ magnetization (molecular 
field). Such considerations provide a ready 
explanation of the relative ‘width’ of the 
transition in the two systems, and of the in¬ 
creased temperature dependence of the resis¬ 
tivity (above T c but below 5°K) in the low 
concentration alloys[29]. A possible alterna¬ 
tive explanation of the transition ‘width’ in 
terms of macroscopic short range order in the 
spatial distribution of the Co impurities is 
ruled out by the fact that: (i) the Pd Fe and Pd 
Co alloys were subjected to exactly the same 
heat treatment; (ii) the annealing procedure 
itself should disperse any such order. 


Table 3 


Alloy 

7vr K) 

l-Au.K.ilteV) 

Alloy [11] 

TCK) 

l-WJ(iV) 

Pd-O-la t.%Fe 

0-78 

0063 




Pd-0-098 at.% Co 

0-79 

0 079 

Pd-0-16at.% Fe 

2-8 

0095 

Pd-0-2at.%Co 

2-95 

0107 

Pd-O-23 at.% Fe 

5'4 

0-110 

Pd-0-3at.%Co 

6-45 

0129 

Pd-0-41 at.% Fe 

13-0 

0-128 

Pd-0-5 Bt.% Co 

16-2 

0157 

Pd-O-54 at.% Fe 

20-1 

0-139 

Pd-O-73 at.% Co 

27-5 

0171 

Pd-078at.% Fe 

32-6 

0-147 

Pd-l-05at.%Co 

440 

0180 

—■ 
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SUMMARY 

It has been found that at temperatures well 
below the ordering temperature ( T c ), the 
electrical resistivity of dilute Pd Co alloys 
follow the behaviour predicted on the basis of 
a model in which a significant contribution to 
A p(T) arises from s-electron scattering from 
spin waves in the coupled impurity moment- 
t/-band system of the alloy. At temperatures 
immediately below T c a molecular field ap¬ 
proach provides a reasonably good descrip¬ 
tion of the system. A comparison of the 
behaviour of the dilute Pd Co and Pd Fe 
systems within the framework of these two 
models suggests a larger magnitude for | J,.i 0 eail 
in the former system. This is borne out by 
numerical estimates of this parameter in two 
systems, using a theory due to Yosida and 
Kasuya. A comparison of the ordering tem¬ 
peratures in the two systems indicates that 
Md-iocaiI > s similarly increased. 

This increased coupling of both s- and d- 
electrons to the impurity spins in Pd Co is for¬ 
warded as a possible explanation of the 
increased ‘width’ of its transition (compared 
with Pd Fe), and of the increased low tempera¬ 
ture resistivity in the paramagnetic region. 

Similar measurements are being carried out 
on dilute Pd Mn alloys. 
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DEFORMATION POTENTIAL CONSTANTS OF 
ACCEPTOR IMPURITIES IN InSb 
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Abstract —The i.r. absorption, associated with optical transitions from shallow acceptor-levels to 
the conduction band in p-type and compensated n-type Indium Antimonide is reported. Under 
the application of uniaxial stress the degenerate acceptor ground state is split into two, two-fold 
degenerate states. The derivative of the optical absorption spectrum under stress shows three pro¬ 
nounced maxima. One maximum is attributed to an indirect L-O phonon assisted process, the remain¬ 
ing two are interpreted as arising from acceptor level-conduction band transitions. The analysis of 
the data yields values of the acceptor impurity deformation potentials: \b'\ = M eV, \d'\ = 4-3 eV. 
The polarisation dependence of the absorption has been used to show that the sign of both these 


coefficients is negative. 

INTRODUCTION 

The utility of uniaxial stress techniques 
arises from the splitting of unperturbed 
degenerate energy levels induced by the 
action of a shear strain. Such splitting was 
observed accidently in optical absorption 
studies of the excitonic transitions in german¬ 
ium [1]. In subsequent work calibrated uni¬ 
axial stress was applied and the direct exciton 
and indirect absorptions in silicon and german¬ 
ium were studied[2, 3], 

InSb is an essentially direct band gap 
material and a study of the direct absorption 
threshold requires very thin crystals which 
are unsuitable for stressing. The study of 
the piezo-emission partially avoids this dif¬ 
ficulty and the values of the deformation 
potential constants of free holes have been 
measured [4]. 

Optical transitions from the acceptor 
level to the conduction band are allowed 
in InSb and have been observed in absorption 
studies [5], We report the behaviour of such 
transitions under uniaxial deformation and 
the values of the deformation potential 
constants for Cd and Zn. A preliminary 
report of part of this work was presented 
previously [6]. 


THEORY 

The band structure of InSb has been cal¬ 
culated by Kane [7]. The main features are: 
(1) the conduction and light-mass hole bands 
are non-parabolic, (2) the heavy-mass 
hole band has its maxima displaced in 
<111) directions from the center of the 
Brillouin zone, and (3) the spin-orbit splitting 
of the valence band at k = 0 is large (= 0-9 eV) 
compared to the band gap («0-22eV at 
77°K). It has been shown by cyclotron 
resonance experiments [8] that the amplitude 
and the displacement of maxima of the heavy- 
hole mass band in A:-space is important 
only at very low temperatures « 4°K). 
At higher temperatures it is a good approxi¬ 
mation to treat the valence band of InSb as 
germanium-like and to ignore the effect of 
the spin-orbit split off band. Thus we take the 
maxima of the valence bands at k = 0 to be 
four-fold degenerate (including spin). 

The shallow acceptor impurity states in 
InSb can be treated within the effective mass 
approximation [9], where their wave functions 
can be written in the form: 

iMr) = 2)F/r)<f>j(r) 

The <f»j(r) are the Bloch functions of the 
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valence band edge in the unperturbed crystal, 
the Ffr) are the envelope functions and the 
sum runs over all the valence band states 
at k = 0. 

Since for the valence band in InSb 
is four-fold degenerate, so is the linear com¬ 
bination (1). When uniaxial stress is applied 
to the crystal the four-fold degenerate 
valence band splits into two two-fold de¬ 
generate bands [10], leading to a similar 
splitting of the four-fold degenerate ground 
state of the acceptor impurity [11]. 

The expression for the energy separation 
of the split bands of the acceptor level 
has been given by Bir et al. [11] in terms of 
the crystal strain and impurity deformation 
potential constants, a', b’ and d': a' is the 
deformation potential constant for hydro¬ 
static pressure, b’ and d’ correspond to uni¬ 
axial stress applied parallel to (100) and 
(111) crystal directions respectively. The 
splitting of the levels is given by 

= -a'*±\E,} m ( 2 ) 

where the term [£',.] 1,2 for specific deforma¬ 
tions is given in Table 1. 


Table 1. Splitting of the acceptor state with 
uniaxial stress (s u are the compliance coeffi¬ 
cients and\ is the applied stress ) 


xl 110011 

xllllilj 

xllllioj 

[£,.]"» !*'<*„-S„)| 

1 d ' 1 

i|(h')*Ui, - s „) 2 

X 


♦W 


perature are held constant, the absorption 
coefficient may be written in the form: 


a,{hv) =/- 


{hv-E„ + E M ) m 


hv 


(3) 


where E„ is the band gap, E M is the acceptor 
ionization energy and f a constant. When 
uniaxial stress is applied E M splits giving rise 
to two subsidiary thresholds in the absorption 
curve. 

By taking the equations quoted by Dumke 
and (3), the theoretical derivative absorption 
curves were synthesised using the values 
E m as adjustable parameters. It was found 
that the values corresponding to a ‘best fit’ 
were closely equal to the photon energies of 
the corresponding minima in the spectra. 
The latter has been used as giving a direct 
measure of the acceptor level splittings. 
This choice differs from that proposed by 
Balslev[3], however, Balslev was interpret¬ 
ing an indirect process, and numerical 
analysis supports the present assignment of 
the split energy levels. 

The expression for the direct absorption 
due to allowed transitions is similar in form 
to equation (3) with E M = 0. The {hv — E 0 ) U2 
dependence of «, implies a sharp threshold. 
However, the measured absorption edge in 
1 nSb [14] shows a tail on the low-photon 
energy side of the absorption edge due to 
‘indirect’ transitions involving the absorption 
of longitudinal optical phonons [15]. The 
absorption due to the acceptor-conduction 
band process is small and to detect it a 
differential wavelength modulation technique 
has been used. 


The donor ionization energy of shallow im¬ 
purities in InSb is very small and we restrict 
our discussion to the optical absorption 
due to transitions from shallow acceptor 
levels to the conduction band. A theoretical 
analysis of such transitions, in the case of 
GaAs, is available in literature [12,13]. 

If the impurity concentration and the tem- 


EXPERIMENTAL METHODS 

To enhance the sensitivity with which small changes 
of absorption can be detected a method similar to that 
described by Balslev [3] has been employed. In the 
present system the conventional beam chopper of a 
Perkin Elmer model—99 monochromator is disabled 
and the exit mirror is vibrated around its mounting axis 
by means of a small loudspeaker-type drive. A small 
portion of the dispersed spectrum is scanned across the 
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exit slit of the monochromator. By synchronously 
detecting the resultant amplitude modulation at the 
detector we retrieve a signal which is proportional to 
exp {—ad}. (da/cU). This modulation technique has the 
advantage that the point of focus upon the detector is 
stationary. 

In the measurements to be described the dispersing 
element was an NaCl prism, and the detector a thermo¬ 
couple, (Reeder type RP-3W, having an NaCl window). 
The detected signal was matched by a transformer 
(AM-1) and preamplifier (CR-4) to a lock-in amplifier 
(HR-8) (Princeton Applied Research Corp.). The deriva¬ 
tive signal was displayed directly on an X-Y recorder, 
the X-displacement being obtained from a linear potenti¬ 
ometer coupled to the drive drum of the monochromator. 

The monochromator was calibrated over the relevant 
range by comparison with the absorption spectrum of 
polystrene, water vapour and C0 2 . The interpolation of 
wavelengths was made by means of a computer adaptation 
of the procedure described by Filler and lndyk [16], 

The mechanical stressing system was similar to that 
described by Fritzsche [171. The stressing jig was mounted 
in the tail section of a conventional optical drawer. In 
the present experiments liquid nitrogen was used in the 
inner dewar section, and the specimen temperature was 
99°K. Loads were applied by a mechanical lever system. 
The system was checked for residual friction by both 
room temperature tests, using strain gauges attached to 
a dummy sample, and by successsive loading and un¬ 
loading cycles during measurement. The reproduci¬ 
bility of the observed spectra was within the experi¬ 
mental resolution of the system. 

A final check on system reproducibility is provided by 
measurement of the splitting in three stress directions, 
(100), (111) and (110). the latter orientation provid¬ 
ing a check for the consistency of deformation potentials 
obtained from the first two. 

The specimens used were single crystal p- and n-typc 
InSb, oriented by back reflection Laue methods as 
follows: 


X 

X 

Y 

z 

(111) 

<iTo> 

(112) 

(111) 

(001) 

(100) 

(010) 

(001) 

(110) 

(110) 

(110) 

(001) 


where x is the stress direction, Z the long axis of the 
sample, X and Y the width and thickness respectively 
(approx. 14 mm x 5 mm x 1 mm). Samples were polished 
by standard metallographic methods. No difference in 
optical behaviour was found between polished and 
chemically etched specimens. 

Samples adjacent to those used for optical measure¬ 
ments were retained for Hall effect and resistivity 
measurements. The p-type material was Cd-doped with 
a carrier concentration of 1-8. 10 M cm 3 at T7°K. The 
n-type material had a carrier concentration of 2-8. 10‘ 4 
at 77°K. 


EXPERIMENTAL RESULTS 
Typical results for various orientations and 
stresses are shown in Figs. 1-3. 

The broad features of all results using 
unpolarised radiation are similar. Three mayor 
peaks develop as the stress is increased from 



Fig. 1. Derivative transmission spectra of Cd-doped 
p-lnSb at 99°K for stress parallel to ft 1 I]. Sample thick¬ 
ness — 0-92 mm. 



Fig. 2. Derivative transmission spectra of Cd-doped 
p-lnSb at 99°K for stress parallel to [001 j. Sample thick¬ 
ness = O' 98 mm. 
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Fig. 3. Derivative transmission spectra of Cd-doped 
p-lnSh at 99°K for stress parallel to 1110] Sample 
thickness = 0101 mm. 

zero. Only the peak labeled a* shows a sub¬ 
stantial shift as stress is increased. 

The presence of the peak a, both at zero 
and finite applied stress is associated with 
transitions involving the participation of an 
L-O phonon. The position of the minimum 
of a, agrees well with that calculated from 
Dumke’s theory (15] taking the L-O phonon 
energy as 25 meV(18]. 

The remaining peaks a 2 and a a are inter¬ 
preted using equation (3) to derive the expres¬ 
sion for (d//dA). 

Using the experimental curves the values 
of E ai and E A1 have been obtained at each 
stress and a plot of these is given in Fig. 3 
for Cd-doped material. 

Using the relevant expressions for (001) 
and (111) oriented materials and the slopes 
from Fig. 4, we obtain: 

|fr'| = <l-04±0-l)eV 
Id'S =(4-4 ±0-1) eV 

respectively. If these plots are extrapolated 
to zero stress they cut the energy axis at 
212-2 and 212-8 meV. The energy gap at 
99°K is 222-3 meV[14] and hence the acceptor 


/ 

/( 

p- InSb 

I ! 

sts || [no] 

,S,i 

/ STS , 

1 i 

r. 1 > 

mi : 

kq/cm 2 

- 0 

",i : 

- 3380 

1 1! i 

1 A ■ 

i ; 

>'n , ! 

i " .I 

j\\ \\; 

■V / !.\ 

a,' 1 - \ i 

' i “* \ / 

-1350-0 

■*» V 

1 

i i 


230 220 210 200 


hi/ (meV) 



STS (10* xkg/cm* ) — 

Fig. 4. Splitting energy vs. stress for p-lnSb at 99°K 
for stress parallel to [ 111], (0011 or [ 110] crystal directions. 

ionisation energy is obtained as E A = 9-8 ±0-3 
meV. 

In p-type material the latter value may be 
checked by measurement of the Hall effect 
vs. temperature. The results of fitting the 
carrier concentrations deduced from such 
measurements, vs. (1/T) 0 K _I , to a simple, 
single impurity level model is shown in Fig. 5. 
The two curves shown at the lower tem¬ 
peratures indicate the effect of two different 
surface treatments, CP4-A and H-100[9] 
etching. The latter measurements yield an 
acceptor ionisation energy of 9-7±0-3meV. 



Fig. 5. Carrier concentration of p-inSb as a function of 
temperature la) sample etched in CP4 (b) sample etched 
in CP4 and H100. 
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This result agrees well with that given 
by Putley[20], when the latter’s numerical 
values are modified to include a hole effec¬ 
tive mass of approximately 0-4 m 0 [8]. 

If we consider the splitting with stress in 
the (110) direction, and substitute for 
\d'\, we obtain a check on internal con¬ 
sistency from the new value of \b'\ calculated. 
Such a substitution leads to |/>'] = l-leV, 
which agrees, within experimental error, 
with the value obtained directly. 

The results of measurements on n-type 
InSb are given in Figs. 6 and 7. In this case 
we assume that the transitions occur between 
partially compensating acceptor levels and 
tentatively ascribe these to Zn, a known 
residual impurity in InSb[21]. The interpreta¬ 
tion of these results leads to the values 

\b'\ = (1-1 ±0-1) eV 

\d'\ = (4-3±0-l)eV. 

Using \d'\ and the results of measurements 
made with (110) applied stress we find 
\b'\ = 1-0 eV in satisfactory agreement with 
the direct result. The extrapolated ionisation 
energy of the residual impurity is (9-7±0-3) 



Fig. 6. Derivative transmission spectra of n-InSb at 
99°K for stress parallel to [111]. Sample thickness = 
0-97 mm. 



Fig. 7. Derivative transmission spectra of n-lnSb at 
99°K for stress parallel to [001]. Sample thickness = 
0-94 mm. 

meV which is indicative of a group II accep¬ 
tor impurity. 

The polarisation dependence of the absorp¬ 
tion is similar in both p- and n-type material. 
In the unstressed material the four-fold 
degenerate valence band r„ is split away from 
k = 0; the upper band may be represented 
by J = 3/2, the lower by J = 3/2, 

Mj = ± 3/2. In the present treatment of the 
acceptor impurity we consider only the 
ground state wave function, whose symmetry 
is unaffected by the hydrogen-like envelope 
function F(r)[9], and retains the same 
angular momentum quantum numbers for the 
acceptor impurity wave-functions. Under 
stress the four-fold ground state at k — 0 
splits into two-fold degenerate states M — ± 
3/2; M = ± 1/2. The rules for dipole transi¬ 
tions then give 

M — ± 1/2 (valence), 

M — ± 1/2 (conduction), AM = 0,± 1 

M = ±312 (valence), 

M = ± 1/2 (conduction), AM = ± 1. 

Thus both transitions are allowed for light 
polarised perpendicular to the stress direc- 
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tion, whereas only the M = ± 3/2 (valence) -* 
M = ± 1/2 (conduction) transitions occur for 
parallel polarisation. 

The polariser used was a Perkin Elmer 
wire grid type having an NaCI substrate. 
The experimental results for stress parallel 
to (001) and (i II) are shown in Figs. 8 
and 9. In both orientations with E\ |x the 
«a peak is suppressed while for a 2 little relative 
change is found. Since a 3 lies above a 2 in 
photon energy we may conclude that the J = 
3/2, M -± 1/2 level moves to higher energy, 
the J — 3/2, M = ±3/2 level, to lower 
energy. Thus both h‘ and d' have negative 
signs. 

We can also obtain from the present 
measurements a value for the quantity 
(c + a')elx — (3-5 ±0-4) eVkgm'cm 2 . Bir 
et al.[ 11] have shown that a' and a (the 
deformation potential for free holes) have the 
same value. However, the value of 3(c + «') 
f lx is only two thirds of the observed change 
of band gap with hydrostatic pressure [22]. 
A similar discrepancy has been reported in 
Ge by Balslev[3], 

The available experimental values of the 



Fig. 8. Polarization, dependence of p-InSb for stress 
parallel to (111). Spectra for unpolarized light and 
light polarized and perpendicular to the stress axis are 
shown. 



I_i_i_,_ i _i_i_ 

230 220 210 200 


. «*i— ht/ ( meV) 

Fig. 9 Polarization dependence of p-lnSb for stress 
parallel to (001]. Spectra for unpolarized light and light 
polarized parallel and perpendicular to the stress axis 
are shown. 


various deformation potentials in InSb 
(eV) are: 


(a + c) b d h' d' 


-7-2 -2 0 -6 0 — 104(Cd) -4-4(Cd) 

— MO(Zn) — 4-3(Zn) 


The values of h and d quoted are from 
piezo-emission studies [4] since these seem 
less subject to interpretive difficulties than 
piezo resistance measurements [10]. 
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DETERMINATION DE LA FONCTION DE 
DISTRIBUTION DE PAIRE DU CU1VRE LIQUIDE 
PAR DIFFRACTION DE NEUTRONS 
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Resume — Le facteur de structure du cuivre liquide a ete determine par diffraction de neutrons 6 trois 
temperatures differences (1150°, 1300°, I450°C). La variation du maximum de i(k) a ete etudi£e de 
1086° a 1492°C faisant apparaitre une dependance lineaire en 1/7. La fonction de distribution de 
paire gfr) et la fonction de correlation directe cir) ont et£ obtenues par transformation de Fourier 
et le potentiel de paire V(ri en a ete deduit a I’aide des equations de Percus-Yevick et de la chaine 
hyper tressee. Ces deux approximations ne conviennent pas au cas du cuivre liquide, mais la partie 
repulsive du potentiel est en bon accord avec un modele de spheres dures de coeuro = 2,2 A. 

Abstract -The structure factor of liquid copper has been determined for three different temperatures 
(1150°, 1300°, 1450°C) by neutron diffraction. The variation of the maximum of i{k) with temperature 
has been studied from 1086° to I492°C and shows a linear dependence with 1/7. The pair distribution 
function g(r ) and the direct correlation function r(r) have been obtained by Fourier transformation 
and the pair potentiel V(r) was derived from these using the Percus-Yevick and hypemetted chain 
equations. These two approximations are not applicable to liquid copper but the repulsive part of the 
potential is in good agreement with a hard sphere model of core cr = 2-2 A. 


1. INTRODUCTION 

Les parametres thermodynamiques d’un 
liquide (pression, volume, chaleur specifique, 
temperature, etc ...) peuvent etre determines 
a partir de deux fonctions[l-3]; d’une part, 
la fonction de distribution de paire g(r) qui 
depend de la densite du liquide et de sa 
temperature et d’autre part le potentiel 
decrivant les interactions atomiques dans 
le liquide. Nous supposons ici que ce potentiel 
peut etre mis sous la forme d’une somme de 
potentiels de paire, c’est-a-dire que 

l/=z y\r t -rA- 

u 

Cette hypothese est usuelle dans 1’etude des 
fluides en mecanique statistique classique 
mais pose peut-etre un probleme dans le 
cas par exemple des metaux de transition 
liquides. Actuellement, il n’existe pas de 
methode experimentale permettant de deter¬ 


miner le potentiel de paire V(r). Mais des 
mesures de diffraction de Rayons X ou de 
neutrons permettent d’obtenir une bonne 
connaissance de la fonction de distribution 
de paire g(r). En effet, #(r) decrit l’arrange- 
ment statistique des atomes dans le liquide 
et determine ainsi la distribution angulaire 
de Tintensite diffusee. 

Dans le cas des neutrons, si l(K) estl’inten- 
site totale diffusee par 1’echantillon liquide, 
l coh (k) la partie coherente de cette intensite 
et / CO h (°°) la valeur que prend / CO h(^) lorsque 
k est suffisamment grand pour que les effets 
d'interference ne puissent plus etre observes, 
on peut definir une fonction i{k) de 1’intensite 
diffusee par la relation: 

ilk) = 1 (1) 

Dans ces expressions, on a pose k — 
4jt/K sind .6 est Tangle de Bragg et A la 
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longueur d’onde du rayonnement mono- 
chromatique utilise. 

On peut alors montrer que la fonction 
i(k) posside les propri£tes suivantes: 

a- l+i(0) = k B TpoP (2) 

fi est le coefficient de compressibility iso- 
therme du liquide et p 0 sa densite atomique 
moyenne exprimee en nombre d’atomes par 
unite de volume. 

b— i(k) est reliee a g(r) par une relation 
de transformee de Fourier soil[4-7]: 

— g(r) = 1 +r-~— [ ki(k) sinkrdk 
P« 2ir P»r J „ 

(3) 

ou p(r) est la densite atomique a la distance r 
d'un atome de reference. 

De plus, on peut definir comme I’ont fait 
Zernicke et Ornstein[ 8 ] une fonction de 
correlation directe r(r) par la relation; 

, , If" kUk) . , „ 
c(r) = x —j— 73—7777 sin At dk . (4) 

2n 1 p n r J n 1 + i(k) 

Les relations (3) et (4) fournissent done 
g(r ) et c(r) a partir des valeurs de i(k) 
mesur^es experimentalement. II existe alors 
diverses approximations qui relient #(r) et 
c(r) au potentiel de paire V(r). Celies qui 
ont fourni les meilleurs resultats pour les 
quantit£s thermodynamiques, notamment 
dans le cas de l’argon[9] au voisinage du 
point triple et qui sont aussi les plus simples 
a interpreter numeriquement sont [ 10 ]: 

1. L’approximation ‘Hyper Netted Chain’ 
HNC qui fournit une relation simple entre 
g(r),c(r) et F(r) asavoir: 

V(r) = k H T[g(r)-\ - c(r)~ Log g(r)]. (5) 

2. L’equation de Percus-Yevick qui fournit 
aussi une relation simple reliant g(r), c(r) 
et V(r) soit; 


F(r)=k B 7'Log[l-j^|]. ( 6 ) 

Dans le travail presente ici, nous avons 
determine i(k) pour le cuivre k diverses 
temperatures et nous en avons deduit les 
fonctions g(r) et c(r) a ces temperatures. 
Puis, a I’aide des modeles HNC et PY nous 
avons tente de determiner le potentiel de 
paire V(r). Nous verrons alors que ces 
approximations ne donnent pas de resultats 
corrects pour le cuivre, rejoignant en cela 
les conclusions auxquelles aboutissait North 
pour le plombfl 1 ]. 

2. DISPOSITIF EXPERIMENTAL 

Nous avons utilise le dispositif classique 
d’un des spectrometres du reacteur EL3 a 
Saclay dont le faisceau de neutrons mono- 
chromatique a une longueur d’onde A = 
1,138 A. Les hautes temperatures necessaires 
a ces experiences ont ete obtenues au moyen 
d’un four a induction de haute frequence 
permettant d'atteindre 2000°C'. Les inducteurs 
sont disposes de maniere a etre situes en 
dehors des faisceaux incident et diffuses. 
L’echantillon de cuivre utilise, de forme 
cylindrique et de dimensions: diametre = 
10 mm et hauteur = 60 mm est place dans un 
creuset en tantale. Celui-ci est place dans un 
tube cylindrique de quartz de 30 mm de 
diametre a 1 ’interieur duquel on fait un vide 
dynamique pousse (p = 10 _,i mm Hg). 

Grace a ce montage, le faisceau de neutrons 
ne traverse, en dehors du creuset contenant 
1 ’echantillon, qu’une faible epaisseur de 
quartz amorphe et faiblement absorbant. La 
temperature est mesuree a I’aide de thermo¬ 
couples W/Re places a la base du creuset au 
voisinage immediat du liquide. Plusieurs 
etalonnages effectues sur divers materiaux 
et en particulier lors de la fusion du cuivre 
it 1083°C ont montre que l’erreur dans la 
mesure de la temperature est «2°C. Celle-ci 
est Jx^s finement regulee par action continue 
sur la tension du generateur haute frequence 
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de sorte que ses fluctuations sont extreme- 
ment faibles et de I’ordre de 1° a 1500°C. 
De plus, au dessus de la temperature de fusion, 
des controles ont montre que les gradients 
de temperature radiaux et longitudinaux sont 
negligeables. Enfin, pour eviter l’evaporation 
du cuivre, le creuset est ferine a 1’aide d’une 
piece de tantale de forme speciale. Grice a 
ce dispositif, les vapeurs de cuivre se conden- 
sent de sorte que la quantite de cuivre 
irradiee par le faisceau de neutrons est 
constante durant toute la duree de 1’experience. 


3. LA DETERMINATION EXPERIMENT ALE DE 
i(k) ET LES MESURES EFFECTUEES 

On commence par determiner l’intensite 
totale 1(20) difFusee par rechantillon liquide. 
Compte tenu du montage experimental 
decrit ci-dessus, ceci se fait de la maniere 
habituelle en mesurant: 

1. l’intensite diffusee par le creuset plein 
soit /,(20); 

2. l’intensite diffusee par le creuset vide a 
la meme temperature soit I 2 ( 20); 

3. l’intensite diffusee par le tube de quartz 


seul soit / s ( 20) et en effectuant la 
difference /j-/*-/ 3 corrig6e des facteurs 
d ’absorption. 

La Fig. 1(A) montre la courbe 1(20) 
obtenue a T = 1150°C. Oh determine ensuite 
la partie coherente de cette intensite soit 
/ coh (20) en remarquant que la diffusion nuc¬ 
leate incoherente et la diffusion multiple 
etant isotropes, il suffit de retrancher des 
valeurs obtenues pour 1(20) une quantite 
constante que 1'on determine a I’aide de 
l’equation (2) car i'(0) est connue (12]. 

Pour trois valeurs de la temperature: 
1150°, 1300° et 1450°C nous avons determine 
la spectre de diffusion du cuivre depuis 20 = 
riO' jusqu’a 20= 116° soit pour k variant 
deO.ll A -1 jusqu’a 9,4 A -1 . 

A 1150°C les mesures ont ete faites avec 
un pas de 6' soit dix comptages par degre, 
a 1300°C, six comptages par degre et a 1450°C, 
quatre comptages par degre. Ces comptages 
duraient assez longtemps pour obtenir une 
bonne precision statistique. 

Enfin pour neuf autres valeurs de la tem¬ 
perature comprises entre 1086° et 1492°C, 
nous avons etudie les variations du maximum 



Fig. 1(A). Variation del'intensite totale diffusee par Tichantillon de cuivre 
liquide en fonction de Tangle de Bragg, 2 8kT = 1150°C. 
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de l(k) soil /(/to) dans les memes conditions 
exp^rimentales. 

4. RESt'LTATS OBTENUS 
(a) Fonction i(k) 

La Fig. 1(B) montre les variations de 
i(k) pour T = 1150°. 1300° et 1450°C et le 
Tableau 1 foumit les valeurs numeriques 
correspondantes. On remarque que la posi¬ 
tion des maxirnums de i(k) reste pratique- 
ment inchangee quand la temperature varie. 
De plus le premier maximum se produit pour 
k = k 0 = 3A~'. Dans le cuivre solide, la 
premiere raie de Bragg (Ill) apparait exacte- 
ment a la meme valeur k B . Ce resultat semble 
assez general et peut etre du au fait qu’il 
s’agit d’une structure compacte CFC. 

Enfin pour k < 2,5 A -1 , les trois courbes 
i(k) sont tres semblables entre elles. 

Pour k — 0, la valeur de i(0) mesuree[12] 
kpartir de Pequation (2) est: 

i(0) = -0,984. 


I! est important de remarquer que les 
mesures de i(k) sont assez impr6cises. Cette 
imprecision due aux mesures statistiques, 
aux corrections de facteur d’absorption, a la 
necessite d’efFectuer des differences entre 
des termes dont les ordres de grandeur sont 
souvent assez voisins etc ... ne nous parait 
pas susceptible d’etre amelioree de fa§on 
tres nette en Petat actuel des techniques 
experimentales. L’erreur est d’environ 4% au 
voisinage de k = k 0 et atteint 7% quand on 
s'eloigne de k 0 . 

(b) Fonction g(r) 

La Fig. 2 montre les variations de g(r) 
aux trois temperatures considerees. Les 
positions des extremums de g(r) ne varient 
pas avec la temperature. Ces courbes mon- 
trent bien que la zone de densite atomique 
maximale qui correspond au premier pic de 
#(/■) est situee a 2,55 A. Ceci est equivalent 
a la distance entre plus proches voisins dans 



Fig. HB), Variation de la fonctionjX/lc) a differentes tem¬ 
peratures. 
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Tableau 1. Valeurs numeriques de la fonction i(k) = 
f(k,T) aux temperatures-. 1150°C, 1300°C, 1450°C 


k A' 1 


T 




T 


1150°C 

1300-C 

1450°C 

k A- 1 

1150°C 

1300°C 

l450°C 

1 

0,106 

-0,981 

-0,982 

-0,985 

3,96 

-0.371 

-0.350 

-0,324 

0,193 

-0,983 

-0,983 

-0,989 

4,05 

1-0,3731 

1-0.356 

1 -0.326 

0.289 

-0,985 

-0.981 

-0,989 

4,14 

-0,363 

-0,358 

i—0.3291 

0,385 

-0,977 

-0,979 

-0,978 

4,23 

-0,360 

-0,357 

-0,329 

0,482 

-0,980 

-0,978 

-0,984 

4,36 

-0,325 

-0,336 

-0,317 

0,578 

-0,984 

-0,986 

-0,983 

4,45 

-0,289 

-0,305 

-0,280 

0,674 

-0,984 

-0,984 

-0,992 

4,54 

-0,248 

-0,268 

-0,238 

0,770 

-0,990 

-0,980 

-0.981 

4,67 

-0,135 

-0,175 

-0,171 

0,866 

-0,988 

-0,981 

-0,984 

4,75 

-0,057 

-0,125 

-0,118 

0,962 

-0,983 

-0,990 

-0,985 

4,93 

0,089 

-0,013 

0,016 

1,058 

-0,986 

-0,982 

-0,976 

5,01 

0,156 

0,040 

0,082 

1,154 

-0,983 

-0.981 

-0,977 

5,10 

0,197 

0,080 

0,133 

1,250 

-0.985 

-0,981 

-0,989 

5,18 

0,228 

0,125 

0,177 

1,346 

-0,985 

-0,988 

-0,988 

5,27 

0,250 

0,168 

0,197 

1,441 

-0,981 

-0,986 

-0,987 

5.35 

0,256 

0,227 

0,200 

1.54 

-0,974 

-0,985 

-0,977 

5,44 

ro^n 

10,244 | 

(P5l 

1,63 

-0.972 

-0,977 

-0,960 

5,52 

0,261 

0,222 

0,204 

1,73 

-0,960 

-0,960 

-0,950 

5,69 

0,261 

0,151 

0,158 

1,82 

-0,952 

-0,955 

-0,945 

5,77 

0,240 

0,128 

0,135 

1,92 

-0,931 

-0,945 

-0,933 

5,93 

0,172 

0,048 

0,067 

2.01 

-0,913 

-0,913 

-0,904 

6,01 

0,127 

0.013 

0,039 

2,11 

-0,876 

-0,870 

-0,867 

6,17 

0,040 

-0,042 

-0,018 

2,20 

-0,833 

-0,824 

-0,827 

6,25 

-0,000 

-0,064 

-0,045 

2,30 

-0,778 

-0,764 

-0,776 

6,41 

-0.052 

-0,098 

-0,080 

2,39 

-0,717 

-0,685 

-0,704 

6,57 

-0,103 

-0.111 

-0,098 

2,48 

-0,605 

-0,575 

-0,600 

6,72 

[-6,1341 

-0,116 

1-0,1001 

2,58 

-0,412 

-0.346 

-0,401 

6,87 

-0,128 

Fo7i2(r| 

-0,093 

2,67 

-0,130 

-0,010 

-0,084 

7.02 

-0,108 

-0,108 

-0,082 

2,76 

0.254 

0,355 

0,265 

7,17 

-0,065 

-0,084 

-0,070 

2,86 

0,766 

0,794 

0,766 

7.32 

-0,014 

-0,037 

-0,033 

2,90 

1,045 

0,979 

1,010 

7,46 

0,034 

0.004 

0,017 

2,95 

1,269 

1.212 

rtr4oi 

7,60 

0.076 

0,033 

0,051 

3,00 

H.41I1 

1 1.282 1 

1,105 

7,74 

0,097 

0,055 

0,068 

3,09 

1,135 

1,096 

0,810 

7,88 

0,0% 

0,075 

10,073 1 

3,14 

0,954 

0,893 

0,699 

8,01 

| 0,0981 

| 0,0881 

0,059 

3,23 

0,560 

0,544 

0,429 

8,14 

0,095 

0,083 

'0,049 

3,32 

0,239 

0,279 

0.211 

8,27 

0,088 

0,063 

0.038 

3,41 

0,031 

0,074 

0,035 

8,33 

0,077 

0,056 

0.028 

3,50 

-0,120 

-0,084 

-0,094 

8,40 

0,070 

0,041 

0,023 

3,60 

-0,208 

-0,186 

-0,190 

8,46 

0,060 

0,034 

0,019 

3,69 

-0,288 

-0,265 

-0,252 

8,52 

0,053 

0,022 

0,011 

3,78 

-0,343 

-0,311 

-0,293 

8,58 

0,044 

0,007 

0,004 

3,87 

-0,363 

-0,335 

-0,315 

>8,70 

=0 

=0 

=0 


le cuivre solide, distance qui varie entre 
2,55 A et 2,60 A suivant la temperature. 

(c) Fonction i(k 0 ) = f(T) 

Une etude complete de la variation de 
i(k 0 ) en fonction de la temperature a ete 


effectuee et le Tableau 2 ci-dessous indique 
les differentes valeurs obtenues. 

La Fig. 3 montre les variations de i(k 0 ) en 
fonction de \IT oil T est alors la temperature 
absolue. 

Dans le domaine de temperature etudie, 
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ces variations sont bien representees par 
liquation: 

I O' 

/(*») — 2,65 ~ — 0,39, 

qui montre qu’au-dessus de la temperature de 
fusion, I’intensite du premier pic decroit 
comme 1/7. 

(d) Fonction c(r) 

La Fig. 4 montre ses variations pour les 
trois temperatures considerees ici. Pour r = 0; 
on trouve c(0)=—78 pour 7=1150° et 
1450°C et c(0) =-80 pour 7= 1300°C. La 
fonction c(r) depend tres fortement des 
valeurs de i(k) pour k petit c’est-k-dire 
<2,5 A -1 . Ainsi la precision sur i(k) n’est 
pas assez grande pour pouvoir determiner 
correctement c(r) pour r > 2,5 A. La Fig. 5 
exprime bien ceci en montrant, pour 7 = 
1300°C, trois courbes c(r) ‘possibles’obtenues 
en faisant varier, it l’interieur des barres 
d’errM*||ftKperimentale la fonction i(k) pour 


k < 2,5 A-’. La courbe 1 de la Fig. 5 cor¬ 
respond aux valeurs de i{k) donnees dans le 
Tableau 1 et a la Fig. 4 pour 7 = 1300°C. 



Fig. 3. Variation de i( k„) en fonction de lIT. 
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Fig. 4. Variation de la function c(r) aux trois tempera¬ 
tures considerees. 



Fig. 5. Variation de la fonction c(r) pour trois valeurs 
‘possibles' de la fonction Hk) pour k < 2,5 A -1 et pour 
une temperature de 1300°C. La courbe 1 correspond 
aux valeurs de i(k) donnees dans le Tableau 1. 

5. DISCUSSION 

A partir des resultats obtenus pour g(r) 
et c(r) nous avons tente de determiner le 
potentiel de paire V{r) a partir des equations 


de Percus-Yevick et de la chaine hyper 
tressee. 

Equation de Percus-Yevick 
La Fig. 6 montr^ les potentiels ainsi 
obtenus. Pour les valeurs de r comprises 
approximativement entre 2,6 et 4,5 A, nous 
avons obtenu g(r) < c(r) de sorte que 



Fig. 6. Representation de la fonction V(r) obtenue par 
les equations F1NC et P.Y. aux trois temperatures 
considerees. Les valeurs de c(r) utilises sont celles 
representees sur la Fig. 4. 

1’equation de Percus-Yevick ne nous a pas 
permis de determiner le potentiel de paire 
V(r). Ceci se produit pour les trois expe¬ 
riences independantes realisees a des tem¬ 
peratures differentes. De plus, a T = 1300°C 
les trois fonctions c{r) 'possibles’ repr6sen- 
tees sur la Fig. 5 conduisent a un resultat 
identique. II est k noter que pour la forme III 
de leur fonction de correlation directe c(r). 
North et al.ll 1] obtiennent un resultat 
semblable dans le cas du plomb. 
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Equation HNC 

L’equation HNC (5) nous fournit lafonction 
V(r ) repr^sentde egalement sur la Fig. 6. 
Les valeurs de c(r) utilisees sont celles 
representees sur la Fig. 4. Plusieurs raisons 
donnent a penser que les potentiels ainsi 
obtenus ne represented pas correctement 
les interactions atomiques dans le cuivre 
liquide: 

1. On remarque que pour les trois poten¬ 
tiels obtenus. le minimum se produit pour 
r=r m - 3,35 A. Le maximum de g(r) a 
lieu pour r = 2,55A, valeur qui correspond 
bien k la distance entre plus proches voisins. 
Comme les deux distances doivent etre 
sensiblement identiques, on en conclut que 
la valeur obtenue pour r m est nettement trop 
elevee. 

2. Le minimum e de V(r) varie suivant les 
cas entre 0.4 et 0,65 eV. Cette valeur est 
trop forte car si on calcule g(r) en prenant 
e =* 0.5 eV[13, 14J on obtient des valeurs 
correspondant a 1’etat solide. 

La Fig. 7 montre pour T = 1300°C les 



Fig. 7. Variation k T = !300°C du potentiel Vlr) deduit 
de r^quatMn >HNC et correspondant aux trois formes 
'Dijipfc 8 cle c ( r > m »ntr6es sur la Fig. 5. 


potentiels V(r) deduits de 1’equation HNC 
et correspondant aux trois formes possibles 
de c(r) montrees sur la Fig. 5. II est ainsi 
clair qu’il est difficile de conclure quant a 
l’existence d’oscillations de longue portee 
dans le potentiel de paire V(r). 

De plus, meme en faisant varier i(k) dans 
les limites tolerees par I’experience, les 
potentiels V(r) fournis par l’equation HNC 
presented toujours les memes caracteris- 
tiques (r m et e trop grands) qui les rendent 
inacceptables pour decrire les interactions 
atomiques dans le cuivre liquide. 

6. CONCLUSION 

Nous avons mesure experimentalement la 
fonction i(k) du cuivre liquide a diverses 
temperatures et nous en avons deduit la fonc¬ 
tion de distribution de paire #(r) et lafonction 
de correlation directe c(r) a ces memes tem¬ 
peratures par inversion de Fourier. LJne 
etude de la dependance en temperature du 
maximum de i(k) a montre que celui-ci suit 
une loi en 1 IT. 

A partir des valeurs de g(r) et de c(r) 
nous avons essaye de determiner le potentiel 
de paire V(r). Les resultats fournis par les 
equations approchees de Percus-Yevick et 
de HNC n’etant pas satisfaisants, nous 
sommes amenes a conclure que ces approxi¬ 
mations ne conviennent pas au cas du cuivre 
liquide, rejoignant en cela les conclusions 
auxquelles aboutissent North et a/. [11] dans 
le cas du plomb. 

Par une succession de transformations de 
Fourier, SchifFf 15] a verifie que nos resultats 
experimentaux sont compatibles avec la 
condition g(r) = 0 pour r < 2 A [16, 17]. La 
Fig. 8 compare la courbe i(k) experimentale 
a une courbe i(k) qui ferait pratiquement 
disparaitre les oscillations de g{r) pour r 
petit. 

La partie repulsive du potentiel correspond 
done bien a un modele de spheres dures de 
diametre a = 2,2 A, mais il n’est pas possible 
de conclure quant a l'existence d'oscillations 
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Fig. 8. Comparison des courbes i(k ) experimentale et theorique. 


de longue portee. 11 semble bien qu'actuelle- 
ment on soit davantage en mesure de deter¬ 
miner la partie repulsive du potentiel que 
sa partie asymptotique. Nous avons entrepris 
de nouvelles experiences concernant certa/nes 
terres rares (La,Ce) et plusieurs metaux de 
transition (Ni, Fe. Cr) [18] pour etudier en 
particulier une influence possible de l’aniso- 
tropie des liaisons electroniques sur les 
courbes de diffusion i(k). 
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UBER DIE PRAPARATION UND DAS 
SUPRALEITENDE VERHALTEN VON CeR^ 
UND SEINER Gd-, Mn-, Fe-, Co- UND 
Ni-HALTIGEN MISCHPHASEN 

M. WILHELM mid B. HILLENBRAND 
Forschungslaboratorium Erlangen der Siemens AG, Erlangen, Germany 

(Received 16 May 1969) 


Zusammenfassung - Durch geeignete Gliihbehandlung wurden einphasige Proben von CeRu, und 
homogene Mischkristalle des Typs Ce,_. r Gd. r Ru, und CeRu,_.,Me x (Me = Mn, Fe, Co, Ni) her- 
gestellt. Reines CeRu* hat einen Sprungpunkt von 6,2°K. Die 7>Absenkung bei Zusatz von Gd 
ist proportional zur 4. Potenz der GdRu,-Konzentration. Bis etwa 13 Mol.% GdRu, sind die Misch¬ 
kristalle supraleitend (T r «= 3,8°K), bei hoheren Konzentrationen werdendie Proben ferromagnetisch. 
Bei Zugabe von CeMe, erfolgt eine praktisch lineare T r -Absenkung, die fur Me = Fe und Mn etwa 
lO mal grbBer ist als bei Me = Co und Ni. Geringe Mengen Fe in dem fur die Preparation verwendeten 
Cer wurden durch Zonenschmelzen entfernt. 

Abstract - Single phase samples of CeRu, and homogeneous mixed crystals of the formula Ce,- X 
Gd,Ru, and CeRu,. x Me x (Me= Mn. Fe, Co, Ni) have been prepared by means of an appropriate 
annealing process. Pure CeRu, becomes superconducting at T c = 6,2°K. In mixed crystals Ce,_ x 
Gd x Ru„ T, decreases proportional to the fourth power of the GdRu, concentration. Superconductivity 
extends up to the amount of about 13 mol.% GdRu, (T r = 3.8°K); alloys exceeding this concentration 
are ferromagnetic. When adding CeMe, a linear depression of T c has been observed. The gradient of 
this depression is about one order of magnitude greater with Me = Fe or Mn than with Me = Co or 
Ni. Small amounts of iron which were present in the available cerium metal have been removed by 
zone melting. 


I. EINLEITUNG 

Der EinfluB magnetischer lonen auf ver- 
schiedene Eigenschaften eines Supraleiters 
wie T c , die Energieliicke, den MeiBner- 
zustand, die Magnetisierungskurve und die 
kritischen Felder ist in den letzten zehn 
Jahren Gegenstand zahlreicher experi- 
menteller und theoretischer Untersuchungen 
gewesen. Es zeigte sich, daB die Theorie, 
die von Abrikosov und Gorkov[l] aufgestellt 
und von einer Reihe von Autoren weiterent- 
wickelt wurde, dieexperimentellen Ergebnisse 
qualitativ und meist auch quantitativ recht 
gut beschreibt. So findet sich z. B. in fast 
alien untersuchten Systemen eine Starke 
7>Absenkung schon bei geringen Zusatzen 
magnetischer lonen, und bei Beimengungen 
von ca. 1 Mol.% ist die Supraleitung meist 


ganz unterdriickt. 

Eine Ausnahme macht offensichtlich die 
Mischkristallreihe Cei_ x Gdj.Ru.,>. Hier wurde 
von Matthias, Suhl und Corenzwit[2] nur 
ein schwacher TV-Abfall mit wachsender 
GdRu 2 -Konzentration gefunden. Bei 1 Mol% 
geben die Autoren sogar eine leichte T c - 
Erhohung an. Auch bei Bozorth. Davis und 
Williams[3] ist T c nur wenig von dem GdRiii,- 
Gehalt abhangig. Beide Autorengruppen 
finden auBerdem, daB in einem gewissen 
Konzentrationsbereich Proben zunachst 
ferromagnetisch (FM) und dann supraleitend 
(SL) werden. Die Angaben uber die Prepara¬ 
tion sind sparlich. In [2] fehlen sie ganz, in 
[3] wurden die Proben offensichtlich aus der 
Schmelze abgeschreckt; rontgenographisch 
wurde festgestellt, daB es sich um feste 
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Losungen handelt, die manchmal noch 
Spuren von elementarem Ru enthalten. Von 
Matthias und Mitarbeitern{2] wird auch die 
Moglichkeit nicht ausgeschlossen, dafl SL 
und FM nicht im gleichen Volumenelement 
vorkommen. Theoretische Uberlegungen[4] 
schlieBen eine Koexistenz von SL und FM 
nicht aus. 

Wir haben die Untersuchungen an CeRu 2 
und an Gd-, Mn-. Fe-, Co- und Ni-haltigen 
Mischkristallen dieser Verbindung aufge- 
griffen. um das anomale 7 r -Verhalten naher 
zu untersuchen. Die Literaturwerte fur T r 
von reinem CeRu 2 schwanken zwischen 
5°K[2, 3] und 6°K]5] und lassen vermuten, 
daB die Praparationsmethode bzw. der 
Reinheitsgrad der Ausgangssubstanzen von 
EinfluB ist. Sorgfaltige metallographische 
Untersuchungen sind auch die Voraussetzung, 
um in der Frage der Koexistenz von SL und 
FM im gleichen Volumenelement entscheiden 
zu konnen. Vor allem sollte sichcrgestellt 
werden, daB die Verteilung der Legierungs- 
partner in den Mischphasen homogen 
erfolgt ist. 

Die intermetallischen Verbindungen CeRu 2 , 
CeFe 2 , CeCo 2 und CeNi 2 sind kubische 
Laves-Phasen vom MgCu 2 -Typ; GdRu 2 
kristallisiert hexagonal im MgZn 2 -Gitter 
[6-8]. CeCo 2 wird unterhalb l,4°K supra- 
leitend [9]; GdRu 2 und CeFe 2 sind ferro- 
magnetisch mit Curie-Temperaturen von rand 
80° bzw. 235°K[6, 10]. CeNi 2 weist tempera- 
turunabhangigen Paramagnetismus auf[ll], 
Eine intermetallische Verbindung CeMn 2 ist 
nicht bekannt. 


2. AUSGANGSSTOFFE UND PREPARATION 
Als Ausgangsstoffe fur die von uns her- 
gestellten Verbindungen und Mischkristalle 
dienten Ce 99,9%*. Fe 99.998%. Co 99,998% 
und Ni 99,998% (Koch Light Laboratories 
Ltd.),„Gd 99,9% (Johnson, Matthey u. Co., 
Ltd.) urid Ru 99.99% (W. C. Heraeus GmbH). 

- 

. * Reirttwittfrade nach Angaben der Lieferfirmen. 


Von diesen Metallen wurde Cer wegen 
seines bei rund 0,1% liegenden Fe- und Si- 
Gehaltes einer nachtraglichen Reinigung 
durch Zonenschmelzen unterworfen. Es 
wurde 10-20 mal im wassergekiihlten 
Kupferschiff unter Argon mit einer Ge- 
schwindigkeit von 0-5 mm/min gezogen. Das 
Schmelzen des Cers erfolgte mittels Induk- 
tionsheizung. In nachgereinigtem Cer konnten 
durch Spektralanalyse keine metallischen 
Verunreinigungen mehrnachgewiesen werden. 

Zur Synthese der reinen Laves-Phasen 
wurden der Formel AB Z {A = Ce, Gd; B = 
Fe. Co. Ni, Ru) ensprechende Mengen der 
Elemente mittels lnduktionsheizung auf 
wassergekiihltem Kupfer unter Argon 
verschmolzen. CeFe. 2 , CeCo. 2 , CeNi 2 und 
CeRu 2 bilden sich peritektisch. Um den 
unvollstandigen Ablauf der peritektischen 
Reaktion zu beenden. wurden die nach 
Abschrecken ihrer homogenen Schmelzen 
erhaltenen Proben von CeRu 2 15 min bei 
1330°C. von CeFe 2 und CeNi 2 48 h bei 720°C 
bzw. 780°C und von CeCo 2 60 min bei 950°C 
getempert. Abbildung 1 zeigt das typische 
Abschreckgefiige von CeRu 2 : Die weiBen 
Kristalle riihren von primar ausgeschiedenem 
Ru her; sie sind umgeben von grauem CeRu 2 , 
an dessen Randern sich —im Bild schwarz — 
die eutektische Restschmelze aus /3-Ce und 
CeRu 2 anschlieBt[12J. Anlich sehen die 
Abschreckgefiige der iibrigen Ce-haltigen - 
kubischen Laves-Phasen aus. Stets werden 
durch rasches Abkiihlen der Schmelzen auf 
wasserdurchflossener Kupferunterlage drei- 
phasige Gefiige aus Ce-armen Primar- 
kristallen, der gewiinschten Laves-Phase 
und eutektischer Restschmelze besthend aus 
Laves-Phase und einer Ce-reichen inter¬ 
metallischen Verbindung bzw. elementarem 
Ce erhalten. Abbildung 2 zeigt das Kornge- 
fiige von CeRu 2 nach dem Tempera; Ru und 
eutektische Restschmelze sind verschwunden. 

GdRuj kristallisiert dagegen offenbar als 
Verbindung mit offenem Maximum, da das 
Abschreckgefiige bereits einphasig erscheint 
und-tfberschiissiges Ru nicht in Form primarer 
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Dendriten ausgeschieden wird, sondem ein 
Eutektikum mit GdRu 2 bildet. 

Mischkristalie vom Typ OdjCe^j-Ruj. und 
CeRuj-j-Me, (Me=Fe, Co, Ni) wurden 
durch Verschmelzen entsprechender Mengen 
Ce, Ru und GdRiij bzw. CeMej hergestellt. 
Mn-haltige Mischphasen wurden in direkter 
Synthese aus Ce, Ru und Mn bzw. bei kleinen 
Mn-Gehalten aus Ce. Ru und einer Vor- 
legierung CeRuj^Mno,, erhalten. Die Werte 
fur jt schwankten bei den Gd-haltigen Misch- 
kristallen zwischen 0,01 und 0,25. bei den 
Me-haltigen zwischen 0.002 und 0,2. Die 
abgeschreckten Legierungen vom Typ 
Gdj.Ce 1 _j.Ru 2 wurden 15 min bei 1330°C, 
dann 90 min bei 1350°C, Legierungen vom 
Typ CeRu 2 _j.Mej. 90 min bei 1310°C gegliiht. 

Legierungen mit g 10 Mol.% GdRu 2 enthieI- 
ten bereits nach dem Abschrecken von 1800°C 
erheblich weniger Ru und eutektische Rest- 
schmelze als Legierungen mit kleineren 
Gd-Gehalten bzw. als reines CeRu 2 . Wurden 
polierte Proben in 20 proz. HNOj etwa 2 min 
lang elektrolytisch geatzt (/ = 50 mA/cm 2 ). 
entstanden Gefiigebilder von Art der Abb. 3, 
die typisch sind fur sog. Zonenkristalle. Die 
Erstarrung der L.egierung erfolgte so rasch. 
daB sich wahrend der Kristallisation auftre- 
tende Unterschiede der Gd-Konzentration 
durch Diffusion nicht ausgleichcn konnten. 
Nach dem Tempern hatte sich eine Gd- 
Verteilung eingestellt. die keinen bevorzugten 
Atzangriff bestimmter Bcreiche mehrerlaubte. 
Geatzte Probenanschliffe entsprachen ganz 
der Abb. 2. Unterschiedlicher Atzangriff 
von Gd-haltigen Mischkristallen im ab¬ 
geschreckten Zustand wurde selbst bei 
Legierungen mit 1 Mol.% GdRu 2 noch 
beobachtet. Auch Mischphasen vom Typ 
CeRu 2 _j.Mej., deren Schmelzen rasch 
abgekiihlt worden sind, entwickeln beim 
anodischen Atzen in HN0 3 das typisch 
dendritische Gefiige der Zonenkristalle. 

Ein wesentlicher Unterschied zwischen den 
abgeschreckten Mischkristallen vom Typ 
Gd 0 ,,Ce 0 ,»Ru 2 und CeRu,, 9 Meo.i(Me = Fe, 
Co, Ni) besteht darin, daB bei letzteren 



Abb. 4. Anderung der Anfangssuszeptibililiil in Misch¬ 
kristallen Ce,-j.Gdj.Ruj als Funktion der Temperatur; 
Kurvenparameter ist die Konzentration an GdRu s in 
Mol.%. 

Korngrenzen stets mit Kristallbereichen 
zusammenfallen, die infolge unterschiedlichen 
Angriffs der Atzlosung die groBten Niveau- 
unterschiede aufweisen. Haufig werden an 
diesen Stellen sogar Ausscheidungen metal- 
lischer Phasen beobachtet. Moglicherweise 
kommt es infolge Anreicherung von Eisen, 
Kobalt oder Nickel in den Randbezirken der 
Korner zur Segregation Fe-, Co- bzw. Ni- 
haltiger Phasen. Abschreckgefiige der Gd- 
haltigen Mischkristalie weisen dagegen keine 
Anreicherung von Fremdphasen an Korn¬ 
grenzen auf. Der Verlauf ihrer Korngrenzen 
steht auch in keinem Zusammenhang mit dem 
Atzmuster der anodisch oxydierten Proben. 
Es liegt nahe anzunehmen, daB Fe, Co und 
Ni mit Verteilungskoeffizienten k< 1, Gd 
dagegen mit k > I in CeRu 2 eingebaut 
werden. 

Alle Mischphasen zeigten noch das 
kubische Gitterder CeRu 2 -Matrix. 

3. MESSMETHODE 

Die Sprungtemperaturen T c und Curie- 
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Temperaturen 6 C wurden magnetisch mit 
Hilfe der Anfangssuszeptibilitat bestimmt. 
Dazu wurden die Praparate, die gepulvert 
mit einer TeilchengroBe von 10 bis \00fi 
vorlagen, in eine Spule gesteckt und deren 
Induktivitatsanderung als Funktion der 
Temperatur gemessen. Die MeBfrequenz 
betrug 860 Hz, die Magnetfeldamplitude 
einige Zehntel Oe. 

Bei Ubergang der Probe zur SL erniedrigt 
sich die Induktivitat der Spule. Mit Hilfe 
eines Nb-Stiibchens wurde die Induktivitats- 
abnahme pro supraleitendes Volumen 
bestimmt und mit diesem Wert die Induk- 
tivitatsiinderungen normiert. Es wird dann das 
Verhiiltnis x»/lx.s/.l = 4 ttx„ gewonnen, wobei 
\ v die gemessene mittlere Volumensuszepti- 
bilitat und |x.u| = l/4rr die Volumensuszepti- 
bilitat eines SL ist. Bei nichtmagnetischen 
Proben ist -47rx,. = (V s , t )l(V 0 ) (Ksv, = 
supraleitender Volumenteil, F y =Gesamt- 
volumen der Probe). Diese Beziehung ist 
allerdings nicht sehr genau, weil einmal der 
Packungsfaktor der Pulverpraparate nicht 
bekannt ist und weil die Me(3spule relativ 
kurz und weit ist, so daB die Bewertung des 
Volumenelementes einer Probe noch von 
seiner Lage auf der Spulenachse etwas 
abhangt. T c ist definiert als die Temperatur, 


bei der der halbe Ubergang erfolgt ist. Wenn 
vor Einsatz der SL eine paramagnetische 
Vorverstimmung vorlag, wurde die Uber- 
gangshohe vom Induktivitatsmaximum aus 
genommen. 

Bei Proben mit hoherem Gd-Gehalt trat ein 
Induktivitats-, d.h. Suszeptibilitatsmaximum 
auf. Bis zu den tiefsten uns erreichbaren 
Temperaturen blieb eine paramagnetische 
Verstimmung Die Temperatur des Maximums 
nannten wir dann 0 C . Vorlaufige Curie- 
punktsbestimmungen nach der Forrer-WeiB- 
Methode bzw. HIM./.M 2 -Methode lieferten 
die gleichen Curie-Temperaturen mit 
Abweichungen S0,3°K. 

4. ERGEBNISSE 

(a) Substitution aufCt-Platzen 

In Abb. 4 sind einige Beispiele fur Sprung- 
kurven wiedergegeben. Bei niedrigem Gd- 
Gehalt betragen die Ubergangsbreiten etwa 
0,2°-0,3°K, und es wird offensichtlich das 
Gesamtvolumen supraleitend. Bei hoheren 
Gd-Gehalten zeigte sich eine paramagnetische 
Vorverstimmung, der Ubergang wird breiter, 
und es wird auch nicht mehr 47 tx,. «= —1, wie 
es bei vollstiindiger Volumensupraleitung sein 
sollte. Fiir das zuletztgenannte Ergebnis 
kann es mehrere Griinde geben. Vielleicht 
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Abb. 5. Verlauf der Sprungtemperalur T e und der Curie-Temperatur # c als 
Funktion der GdRu 2 -Konzentration im-System Ce,_ x Gd x Rus. 
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war die Temperatur nicht tief genug, doch 
erwecken die Ubergangskurven nicht diesen 
Eindruck. Trotz der kleinen Feldamplituden 
kann das Feld lokal an Spitzen in die Proben- 
komer eindringen, und wegen der paramagne- 
tischen Eigenschaften dieser Volumenanteile 
wird Xv dann angehoben. Aus dem Wert 
(47r\ 1 ,) m ax. = 6 bei Probe 184 T (siehe Abb. 7) 
kann man abschatzen, daB mehr als 12 
Volumenprozent vom lokal eindringenden 
Feld erfaBt sein miiBten, urn 4 tt\ v auf-0,2 zu 
bringen, wie es bei der Probe mit 13,0 Mol% 
GdRu 2 der Fall ist (Abb. 4). Das scheint 
uns reichlich viel. Eine andere mogliche 
Ursache wird weiter unten angefiihrt. 

In Abb. 5 ist links T r gegen die Gd- 
Konzentration c in Mol.% aufgetragen. Man 
sieht, daB fur c —» 0 T c mit horizontaler 
Tangente einmiindet. Es zeigte sich, daB T c 
mit der 4. Potenz der Konzentration abfallt. 
Empirisch gilt also die Relation 



Abb. 7. Anfangssuszeptibilitat 4irx,. als Funktion der 
Temperatur fur eine durch Gluhen homogenisierte 
(184°T) und eine abgeschreckte Probe (184°A) der 
Zusammensetzung Ce OB ,Gd OM Ru 2 . 


T c — T^ — ac 4 (1) 

mit a = 0,835 ■ 10-‘(°K/(Mol.%) 4 . 

Daraus errechnet sich, daB T,. bei c kr — 
16,5 Mol.% verschwindet. 



Abb. 6. Gradient der 7>Absenkung in Mischkristallen 
CeRua-jMex (Me = Mn, Fe, Co, Ni). 


(b) Substitution aufKu-Platzen 

Nimmt man Substitutionen auf Ru-Platzen 
vor, so ist der EinfluB auf T c wesentlich 
groBer. Wir erhielten bei Zusatz von Ni, 
Cr, Fe und Mn 7" C -Absenkungen, die linear 
von der Konzentration abhangen. In Abb. 6 
sind die Steigungen — (dr c /dc) bei Zusatz 
dieser Elemente aufgetragen. Bei Ni und Co, 
die offensichtlich keine lokalen Momente 
bilden, ist —(dr r /dc) von der GroBenordnung 
1, bei Fe und Mn dagegen ca. 10. Bei Fe und 
Mn iiegt also ein Verhalten vor, wie man es 
bei Zusatz magnetischer lonen zu einem SL 
gewohnt ist. 


(c) Magnetisches Verhalten 

In Abb. 5 ist auch 8 C als Funktion der 
GdRu 2 -Konzentration aufgetragen. Die 
MeBpunkte liegen auf einer Geraden, deren 
Verlangerung die Abszisse bei 8 Mol.% 
schneidet. Die Molekularfeldbeschreibung 
[13] liefert Curie-Temperaturen, die linear 
von der Konzentration magnetischer lonen 
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abhangt, doch sollte die Gerade durch den 
Nulipunkt gehen. Die Proben, fur die ein 
ti c angegeben ist, behalten auch bis 1,8°K 
ein x<i > 0. Eine Sonderstellung nimmt die 
Probe mit 13,2MoI.% ein. Die Temperatur, 
bei der fiir diese Probe die Suszeptibilitat 
ein Maximum hat, liegt einerseits auf der 
flc-Geraden, andererseits aber auch auf der 
Kurve, die verbindet. r max ist dabei die 
Temperatur, bei der die Suszeptibilitat 
wegen derparamagnetischen Vorverstimmung 
vor dem Ubergang in die SL ein Maximum 
annimmt (siehe Abb. 4). AuBerdem ist die 
Suszeptibilitat bei l,8°K praktisch wieder 
Null geworden. Bei 13,2 Mol.% GdRu 2 - 
Gehalt liegt man offensichtlich an der Stelle, 
wo 7V und (1 C aneinanderstoBen. Der Uber¬ 
gang in den supraleitenden bzw. ferro- 
magnetischcn Zustand bei gegebener 
Konzentration c 0 erfolgt in einem Temperatur- 
intervall AT ^ 0, z.. B. deswegen, weil 
statistische Konzentrationsschwankungen in 
den fiir die ST bzw. den FM charakteristischen 
Volumina auftreten. (Fiir die SL ist das 
charakteristische Volumen etwa £ 3 , £ ~ 
Koharenzlange). Bereiche mit c > c 0 werden 
ferromagnetisch, mit c < c„ supraleitend, 
wobei noch mit einer zusatzlichen Kompli- 
kation durch den Proximity-Effekt zu rech- 
nen ist. Insgesamt ist aber dort, wo SL und 
FM aneinanderstoBen, mit einem Gemenge 
von supraleitenden und ferromagnetischen 
Volumenanteilen zu rechnen; das mag mit 
dazu beitragen, daB bei hoheren GdRu 2 - 
Konzentrationen 47rx,. nicht mehr den Wert 
— 1 erreicht (Abb. 4). Diese Erklarung 
schlieBt ein, daB ferromagnetische Volumen- 
anteile erst bei tieferer Temperatur oder gar 
nicht mehr supraleitend werden. In diesem 
Zusammenhang soli erwahnt werden, daB 
bei der Konzentration, bei der T,. = f) r wird, 
auch \dT c /dc\ = (dd r /d r ) ist. 

Ein raumliches Nebeneinander von Gd- 
reicheren und Gd-armeren Bereichen erhalt 
man. y*enn man die Proben einfach aus der 
Sctu||||||V abschreckt (Abb. 3). Mit der 
Prfi|^p(ptl4 Mol.% GdRu 2 ) wurde folgendes 


Experiment gemacht: Nach dem Abschrecken 
aus der Schmejze wurde eine Halfte zerpulvert 
und vermessen (184 A), die andere Halfte 
wurde wie tiblich homogenisiert, zerpulvert 
und dann vermessen (184T). In Abb. 7 
ist fiir diese Proben 47rx„ als Funktion der 
Temperatur aufgetragen. Probe 184T zeigt 
das normale Verhalten der homogenen 
Proben, ein Maximum der Suszeptibilitat, 
die eindeutig im paramagnetischen Bereich 
bleibt (0 C von 184T liegt etwas unterhalb 
der 0 r -Geraden in Abb. 5, vermutlich wurde 
das Gd bei der Probenteilung ungleich 
aufgeteilt). Wenn SL auf der Verlangerung 
der 7V-Kurve (Abb. 5) auftreten wiirde, so 
miiBte bei etwa 3°K eine deutliche Abnahme 
von 4ir\ v erfolgen. Probe 184 A zeigt einen 
starken Suszeptibilitatsanstieg, der eine 
maximale, lokale GdRu 2 -Konzentration von 
23 Mol.% vermuten laBt. Bei etwa 5,8°K 
erfolgt ein Ubergang in die SL, dazu gehoren 
8 Mol.% GdRu 2 , 47 tx,. erreicht nicht den Wert 
1, doch ist das auch nicht zu erwarten, 
wenn ferromagnetische Bereiche in dem 
Pulverpraparat nicht abgeschirmt werden. 

5. DISKUSSION 

Das auffalligste Verhalten von CeRu 2 und 
seiner Mischkristalle besteht darin, daB bei 
Substitution von magnetischen lonen (Gd) 
auf Ce-Platzen nicht die in c lineare T c - 
Absenkung auftritt, die von der Theorie ~ 
vorhergesagt wird, sondern daB (dT c /dc) = 

0 ist. (Bei I Mol.% GdRu 2 war T c um 0,05°K 
hoher als bei reinem CeRu 2 . Ob hier ein 
echtes Maximum vorliegt, wie es Matthias 
et al.[2] angeben, oder ob es sich um Schwan- 
kungen des Reinheitsgrades der Proben 
handelt, ist hier nicht von Bedeutung, da der 
Effekt sehr klein ist). Andererseits bringen 
Fe und Mn auf Ru-Platzen eine drastische 
7V-Absenkung, selbst die unmagnetischen 
Co- und Ni-lonen erniedrigen T c betrachtlich. 
Das legt die Annahme nahe, daB die Supra- 
leitung auf das Ru-Untergitter beschrankt 
ist und daB sie durch Elektronen zustande 
kommt, die nicht gleichmaBig im Kristall ver- 
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teilt sind, sondem auf das Ru-Untergitter kon- 
zentriert sind. Daftir kommen d-Elektronen in 
Frage, da diese im allgemeinen starker 
lokaiisiert sind als s- und p-Elektronen. In 
LaAl 2 , das dieselbe Kristallstruktur wie 
CeRu 2 hat, iibt Gd einen drastischen EinfluB 
auf T c aus [14]. Doch sind beim AI keine d- 
Elektronen vorhanden. In F,_ x Gd x Os 2 [15] 
gibt es c/-Elektronen, und man beobachtet 
eine in c lineare T c -Absenkung. Doch 
handelt es sich urn eine hexagonale Laves- 
Phase mit zwei nicht aquivalenten Os- 
Platzen. Weiter sind liber die Preparation 
keine Angaben vorhanden, und (dTjdc) 
ist mit 0,23 (°K/Mol.%) sehr klein. Eine 
analoge Vorstellung ist auch fiir Supraleiter 
entwickelt worden, die in der A15-Struktur 
kristallisieren, z. B. Nb ;t Sn. In diesem Fall 
soil die Supraleitung an die linearen Nb- 
Ketten gebunden und von d-Elektronen 
getragen sein[16]. In CeRu 2 sind ebenfalls 
lineare Ru-Ketten vorhanden. 

Warum wirfiir T, ein r 4 -Gesetz beobachten, 
konnen wir nicht erklaren. Vielleicht ist es 
Zufall und die Folge einer Uberlagerung 
verschiedener Ursachen. 

Ob Koexistenz von SL und FM im gleichen 
Volumenelement vorliegt, konnen wir mit 
unseren bisherigen Messungen noch nicht 
entschieden, doch scheint es uns, daB die 
Literaturangaben dariiber im System Ce,^ x 
Gdj.Ru 2 auf inhomogener Probenzusammen- 


setzung beruhen. Zur Frage der Koexistenz 
sind noch eine Reihe weiterer Experimente 
geplant. 


Annerkennung -Herrn Professor Dr. Peter, Genf.danken 
wir fiir zahlreiche. wertvolle Diskossionen. 
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THE INVESTIGATION OF THE VIBRATIONAL 
SPECTRUM, OPTICAL CONSTANTS AND lONICITY 
OF BOND OF CdGeAs 2 IN CRYSTAL AND 
AMORPHOUS PHASES BY I.R. REFLECTION 

L. B. ZLATKIN, YU. F. MARKOV, A. I. STEKHANOV* and M. S. SHUR 
A. F. Ioffe Physical Technical Institute, USSR Academy of Sciences, Leningrad, U.S.S.R. 

(Received 9 January 1969) 

Abstract—I.R. reflectivity is investigated in the frequency region from 2 to 75 fi for T = 295°K. The 
measurements show that the changes of the vibrational spectrum take place in the region of the lattice 
reflection while clear correlation exists in the regions of small (less than 25 is) and large (higher than 
60 n) wavelengths between the optical constants of CdGeAs 2 in crystal and amorphous phase. 

The dispersion of the refractive index and dielectncal constant is calculated by Kramers-Kronig 
and dispersion analysis and the vibrational frequencies have been determined. The qualitative and 
quantitative parameters of the ionicity of the bond have been estimated. The chemical bond in CdGeAs, 
is ionic-covalent with larger degree of covalent part. 


INTRODUCTION 

The investigation of the physical properties 
of ternary diamond-type semiconductor com¬ 
pounds is interesting because of the prospects 
of their practical application. It especially 
concerns CdGeAs 2 (the space group D 2(i lz , 
a = 5-943±0-001 A, da — 1-888) an isoelec- 
tronic analogue InAs and GaAs which is the 
first diamond-type compound obtained in the 
amorphous phase. 

CdGeAs 2 was obtained in crystal and amor¬ 
phous phase at the laboratory of Professor 
N. A. Goryunova. The sample preparation 
was described in paper [1], 

The investigated monocrystals of CdGeAs 2 
had p-type conductivity. The hole concentra¬ 
tion and mobility taken from Hall measure¬ 
ments are: 

p = 4.10 18 cm -3 , = 240 cm 2 /V.sec 

the bulk amorphous samples n-type con¬ 
ductivity in the region of 10 -8 — 10~ 7 ft' 1 cm' 1 . 

This investigation of the i.r. reflection spec¬ 
tra of CdGeAs 2 in crystal and amorphous 
modifications has been carried out with the 
aim of studying the vibrational spectra of the 

‘Deceased. 


crystal and amorphous phases, determining 
longitudinal and transverse optical frequencies 
and optical constants and analysing on the 
base of the results obtained the type of chemi¬ 
cal bond. 

1. THE OVERDAMPED LATTICE VIBRATIONS FOR 
THE DIAMOND-TYPE SEMICONDUCTORS IN THE 
AMORPHOUS PHASE 

CdGeAs z has been recently obtained in the 
amorphous phase which has apparently the 
tetrahedral atomic coordination. The absence 
of the distant order in this compound was 
shown by X-ray method [1]. 

The i.r. reflection spectra of CdGeAs 2 in 
crystal and amorphous phases have been in¬ 
vestigated (for angles of incidence near the 
normal) in spectral region from 2 to 75p 
(Fig. 1). 

The measurements in the region 2-^25p 
were made on the spectrometer KKC-12 and 
in the region 20^-75 n on the longwave i.r. 
vacuum spectrometer. The scattering light in 
the investigated region is not higher than 1 per 
cent. 

The complete understanding of the charac¬ 
ter of the vibrational spectrum changes in 
transition from crystal to amorphous phase is 
not yet attained. In particular it is not clear 
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Fig. I.The is. reflectivity spectra for CdGeAs 2 (T = 
295‘ > K). (a) Crystals; (b) amorphous phase; (c) the theor¬ 
etical curve for the crystal obtained from the dispersion 
analysis. 


whether these changes are considerable or 
they correspond to the comparatively small 
shifts and widening of the vibrational bands. 

For example a comparative investigation of 
the density of states g(co) for the vibrational 
spectrum of crystal and amorphous selen[2] 
has shown that the changes in #(w) during the 
transition from the crystal to amorphous phase 
correspond to the comparatively small shifts 
of the maxima of #(<u). 

It can be seen from our experimental data 
that the vibrational bands are observed only 
for the crystal CdGeAs 2 and are overdamped 
for CdGeAsj in amorphous phase (Fig. 1). In 
the latter case there is only smooth increase 
of the reflectivity which begins from 35 fi, i.e. 
just from the point where the dispersion con¬ 
nected with the lattice vibrations begins in 
the crystal. This increase of the reflectivity in 
amorphous CdGeAs 2 results from the addi¬ 
tion of the ionic component of the polarization 
to the electronic one. 

The absence of dispersion in the region of 
lattice vibrations shows that the changes of the 
vibrational spectra during the transition 
crystal-amorphous state can be radical. 

This result can be connected with the 
absence of the distant order in the amorphous 
phase. 

2. EXPERIMENTAL DETERMINATION AND 

CALCULATION OF THE OPTICAL CONSTANTS 

BY THE KRAMERS-KRON1G AND DISPERSION 
ANALYSIS 

The values of optical e 0 and static e„ dielec¬ 
tric constants for the crystal and amorphous 


phases (see Table 1) were determined directly 
from the reflectivity spectra. 

It should be noted that in [3] the dispersion 
of refractive index n was determined using the 
prism method for the crystal (n = 3-4) and 
amorphous (« = 3-8) CdGeAs 2 in the regions 
from 3 to 3-5/a and from 2 to 3-5 for crystal 
and amorphous phases correspondingly. Our 
results corroborate the data [3] for the amor¬ 
phous, but not for the crystal phase. 

Using Kramers-Kronig and dispersion 
analysis it is possible to determine the dis¬ 
persion of real and imaginary parts of the 
dielectrical constant the refractive index and 
also the vibrational frequencies. 

These two methods supplement each other 
because the dispersion analysis permits to 
calculate the optica) constants using the 
approximate (fitted to experimental one) 
reflectivity and the Kramers-Kronig analy¬ 
sis permits to calculate the approximate 
values of the optical constants using the exact 
(in the investigated spectral region but extra¬ 
polated beyond its limits) reflectivity. 

All the calculations were provided on the 
BZSU-2 computer. In the Kramer-Kronig 
calculations the phase angle 6 for the reflec¬ 
tivity was determined by equation [4]; 


WM = ^rin[r(coW^ d(o , 

7T J o (l)~ ~ W L 


where t—VR', w is the frequency. Out of 
the boundaries of the investigated region we 
extrapolated reflectivity by the constant 
values. After the calculation of ti(w) the optical 
constants were determined: 


1 —r 2 

n 1+t 2 -2tcos0 
. _ 2rsin0 

A:_ 1+t 2 -2tcos6I (2) 

e' = n* — k 2 
e" = Ink 

The error of the method has been estimated 
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in [5], It is not more than a few per cent except 
maybe the small values of k $ 0-1. From that 
obtained by the Kramers-Kronig method 
frequency dependence of the optical constants 
for CdGeAs 2 crystal it is possible to determine 
the vibrational frequencies co*, and co h (see 
Table 1). The zero’s of €'(co) function corres¬ 
pond to the frequencies of the longwave 
optical vibrations and the maxima of e"(w) 
correspond to the frequencies of the long¬ 
wave transverse vibrations. 

The dispersion analysis has been made for 
the main (the largest) reflectivity maxima (Fig. 
1(c)). The calculation has been carried out 
using the scheme given in [6]. The optical 
constants of the crystal obtained from the 
dispersion analysis (Figs. 2(c),3(c)) corrobor¬ 
ate the optical constants obtained from the 
Kramers-Kronig analysis (Figs. 2(a),3(a)) in 
the corresponding spectral range though 
the dispersion analysis made in the approx¬ 
imation of one dispersional oscillator masks 
the ‘non-Lorentz’ form of the band which can 
be seen clearly from the optical constants 
obtained from the Kramers-Kronig analysis 
(Fig. 3(a)). 

In the region of small wave-lengths (up to 
25/x) and large ones (more than 60/x) the clear 
correlation exists between the optical con¬ 
stants of CdGeAs 2 in the crystal and amor¬ 
phous phase. 

But as was mentioned in Section 1 the dis- 



Fig. 2. The dispersion of the real(n) and imaginary (k) part 
of the refractive index, (a) The curves for the crystal 
obtained from the Kramers-Kronig analysis; (b) the 
curves for the amorphous phase obtained from the 
Kramers-Kronig analysis; (c) the curves for the crystals 
obtained from the dispersion analysis. 



Fig. 3. The dispersion of real <«') and imaginary (*") part 
of the dielectrical constant. Abbreviations (a-c) are the 
same as for Fig. 2. 

persion due to the lattice vibrations is prac¬ 
tically absent in the vitreous phase. 


Table 1 








Calculated using 
Kramers-Kronig 
analysis 

Calculated using 
dispersion 
analysis 


Compound 

Structure 

*0 

At = 

to-* 

* n 

<V|, &>(. 



e* 

e 

CdGeAsj 

chalcopyrite 

18-7 ±0-5 

14-3 ±0-3 

4-4 

3-78 

278 270 

286 

270 

0-65 

CdGeAsj 

amorphous 

18-2 ±0-5 

14-3±0-3 

3-9 

3-78 





InAst 

sphalerite 

14-55 ±0-3 

11-8 + 0-1 

2-7 

3-43 




0-56 

GaAst 

sphalerite 

13-13 

11-10 

2 

3-33 




0-51 


tSee Ref. [8], 
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3 . THE DAMPING OF THE DISPERSIONAL 
OSCILLATOR 

The problem of the changes of the vibra¬ 
tional spectrum due to the transformation from 
crystal to amorphous phase is closely con¬ 
nected with the problem of the band-width 
has been determined by the phonon life-time. 
(The life-time in the ideal crystals corresponds 
to phonon-phonon interaction.) 

After investigating ZnSnP 2 [5] with ordered 
(chalcopyrite structure) and statistical (sphal¬ 
erite structure) atoms positions and CdGeAs 2 
with the large disorder of atoms (amorphous 
phase) it becomes natural to compare the 
change of parameter y characterizing the 
damping of the dispersional oscillator and con¬ 
nected with the phonon life-time (see Table 2). 

This comparison shows that parameter y is 
increased with the increase of lattice disorder. 
It is possibly connected with the decrease of 
the phonon life-time due to the large scatter¬ 
ing in the disordered lattice. 


Table 2 


Compounds 

Structure 

y 

ZnSnPj 

chalcopyrite 

006 

CdGeAsj 

chalcopyrite 

004 

ZnSnPj 

sphalerite 

Oil 

CdGeAs 

amorphous 

> 1 


phase 



4. THE TYPE OF CHEMICAL BOND 
Using the obtained optical constants it is 
possible to estimate the degree of the bond 
ionicity in CdGeAs 2 . 

The qualitative estimation can be made 
using the difference Ae = e„ — (see Table I) 
which characterizes the contribution of the 
ionic polarization into the dielectric constant 
and correspondingly is comparatively large 
for the ionic crystals and small for the co¬ 
valent ones. The small value of Ac is sufficient 
but not essential indication of the covalent 
bond but the large value of Ac is essential but 
not sufficient indication of the large ionicity. 


Indeed the theoretical calculations carried out 
by Tolpygo[7] for Sic show that the large 
value of Ac can be observed for the compounds 
with covalent bonds if the atoms of different 
kinds have unequal deformation of the elec¬ 
tronic orbits due to the lattice vibrations (see 
also [9.10J). 

The obtained value of Ac for CdGeas 2 is 
close to the corresponding values for InAs 
and GaAs (Table 1) which shows that the 
bond ionicity is rather small in the ternary 
diamond-type compound. 

As a quantative criterion of the ionicity the 
dynamical effective charge is usually used. It 
is possible perhaps to suppose that in crystals 
with a comparatively simple structure there 
is a correlation between the 'dynamical effec¬ 
tive’ charge and 'the effective charge’. In the 
crystals with a rather complex structure the 
whole number of limited optical modes can 
exist and it is necessary to introduce the 
‘dynamical effective charge’ for the every 
optical mode. That is why it is more difficult 
to trace such a correlation. 

CdGeAs 2 crystals have a chalcopyrite 
structure. The theoretical-group analysis for 
such a structure [5] shows that two non-degen¬ 
erate (i? 2 -type) and six two-fold degenerate 
(E-type) normal vibrations are i.r. active. In 
the spectrum (Fig. 1) we observed a consider¬ 
ably small number of bands. Perhaps some of _ 
the bands have the small intensity or the 
structure of the bands can not be solved. It 
would be possible to consider this problem in 
detail after the measurements with the polar¬ 
ized light. We estimate the dynamical effective 
charge using Szigeti formula for the most 
intensive band: 


3W( 0 / 

< AeAf y 

(€„-l-2)e' 

.YttNJ 


Here e*le is the ratio of the ionic dynamical 
effective charge to the electronic charge, N 0 is 
the number of the ionic pairs in the unit of 
volume, M is a reduced mass, a> to is the fre¬ 
quency of the optical transverse vibration, 
w,,, is determined from the Kramers-Kronig 
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and dispersion analysis data (see Table 1). 
It is impossible to determineto f(1 from Lyddane- 
Sachs-Teller relation because in this case 
several optical modes appear. We also sup¬ 
posed that the ionic charge of Cd and Ge is 
equal and that the most intensive band corres¬ 
ponds to the vibration of the effective cation 
sublattice as a whole against the anion sub¬ 
lattice. We assumed the effective cation mass 
equal to the geometrical average value of the 
masses of Cd and Ge. 

The obtained value e*/e = 0-65 for 
CdGeAs 2 crystal is close to the corresponding 
values for A 3 B*-t ype compounds which have 
the effective dynamic charge [8] from 0-42 
for InSb to 0-66 for InP which shows that the 
bond ionicity for A 2 B 4 C 2 5 compounds is 
approximately the same as for A 3 B 3 . 

Thus the chemical bond of CdGeAs 2 is 
possibly ionic-covalent with a larger covalent 
component. 
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TECHNICAL NOTE 


The high pressure compressibility and 
Griineisen parameter of strontium titanate* 

[Received 21 May 1969; in revised form 8 August 1969) 

At temperatures above 108°K, SrTi0 3 
is a paraelectric material crystallizing in the 
cubic perovskite structure. We have measured 
the compressibility of SrTi0 3 and fitted the 
data to the Murnaghan equation of state. In 
addition, the Griineisen parameter calculated 
from our high pressure compressibility data 
is compared to the Griineisen parameter 
calculated from the zero pressure values of 
the compressibility, thermal expansion, heal 
capacity at constant volume, and molar 
volume. 

Data were obtained by means of a diamond 
anvil high-pressure X-ray diffraction camera 
described elsewhere [1]. Pressures were 
determined by observing the shift of the 
diffraction lines of a ‘marker’, a material with 
known compressibility, mixed with the 
SrTi0 3 . In this work, CsBr, Al, and V were 
used as ‘markers’. For CsBr, Bridgman’s 
[2] compressibility data were used; for Al 
and V, the data of Rice et al. [3] were used. 
The SrTi0 3 was prepared at this laboratory 
and was at least 99-99 per cent pure. Samples 
were prepared for loading in the diamond 
anvil high-pressure cell by first mixing the 
SrTi0 3 with the appropriate ‘marker’ and then 
pressing the powder to about 8 kbar. A small 
chip from the resultant wafer was used as the 
high-pressure sample. 

In Fig. 1, the relative volume VIV 0 = 

This work was supported by the U.S. Atomic Energy 
Commission. 



PRESSURE (kbar) 

Fig. 1. Relative volume vs. pressure for SrTiO v Three 
'markers'. CsBr (•), Al (■), and V (A), were used to 
determine pressure. The error bars at the bottom of 
the figure indicate the uncertainty for each of the ‘markers.’ 

a a /a« :i is plotted vs. pressure where V 0 
and a„ are the unit cell volume and lattice 
parameter, respectively, at atmospheric 
pressure. At 298°K and 1 bar, the lattice 
parameter, a 0 , of SrTiO., is 3-9051 A [4], 
The dashed line in Fig. 1 is an extrapolation 
of the initial compressibility of SrTi0 3 deter¬ 
mined from the elastic constants [5] and the 
solid curve was obtained by a least squares 
fit of our data to the Murnaghan equation of 
state [6], 
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where the initial bulk modulus is 



P- 0 

and the corresponding pressure derivative 



The elastic constants of Bell and Rupprecht 
[5] were used to calculate B 0 — 1 -76 x 10 3 kbar 
and the best fit to our data was obtained with 
Hi- 4-4. 

One can determine the Griineisen para¬ 
meter for SrTiO., from the Griineisen rela¬ 
tion [7] 


aV m 



where a is the volume thermal expansion, 
V m is the molar volume, /3 is the compres¬ 
sibility, and C,, is the specific heat at constant 
volume. At room temperature and atmos¬ 
pheric pressure, the values of the various 
parameters are a = 2-6 x 10 5o K[8J, /3 = 
5-67 X 10 ia cm 2 /dyne[5], C„ = 20-7 cal/mole- 
°K[9J and V m = 35-7cm 3 /mole; using these 
values, one calculates y = 1-89. The B' 0 ob¬ 
tained from the least squares fitted Murna- 
ghan equation can be used to calculate 
the Griineisen parameter by an independent 


method; Anderson [10] has shown that 



As mentioned previously, the data was best 
fit with B' a = 4-4, and thus y=l-7, in 
reasonable agreement with the value calcu¬ 
lated above. 
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DEFECTS IN CRYSTALLINE QUARTZ: 
ELECTRON PARAMAGNETIC RESONANCE OF E' 
VACANCY CENTERS ASSOCIATED WITH 
GERMANIUM IMPURITIES* 
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Abstract-Magnetic resonance measurements on crystalline quartz doped with germanium indicate 
E\ and Ej trapped electron centers can be produced by iow energy ionizing radiation (50kVp 
X-rays). Most of these vacancy-related centers are associated with substitutional Ge impurities rather 
than Si host cations. Analyses of detailed spectroscopic data in terms of non-bonding s-p hybrid 
orbitals formed from atomic Si or Ge orbitals, as appropriate, effectively account for the basic para¬ 
magnetic responses. Two distinct but quite similar EPR spectra of the fc'J-type associated with Ge 
impurities are observed, each characteristic of a specific treatment (X-irradiation and heating). A 
single-oxygen-vacancy £-defcct model for E' center geometry is proposed. The model is based on the 
spectroscopic data and experimental results on generation and bleaching of paramagnetic vacancy 
centers in o-SiOj:Ge. The various £,' and £ 2 '-type magnetic centers are pictured as modifications of 
this basic £ defect. These result from interposition of common impurities (hydrogen in particular) and 
trapping of electrons or holes. 


1. INTRODUCTION 

T hree paramagnetic defects produced by low 
energy ionizing radiation in crystalline quartz 
doped with 10-1000 ppm Ge have been studied 
via electron paramagnetic resonance (EPR) 
spectrometry. Analysis of the complex reson¬ 
ant absorption spectra of these ‘color centers’ 
indicates that the unpaired-spin electronic 
configurations responsible for the paramagnet¬ 
ism are associated with a germanium impurity 
ion. In particular, a parameterization of the 
orientation dependence of the EPR absorp- 


* Research supported by U.S. Air Force Office of 
Scientific Research and U.S. Navy Office of Naval 
Research. 

Based on a dissertation submitted by Frank J. Feigl 
to the University of Pittsburgh in partial fulfillment of the 
requirements for the Ph.D. degree. 

tNational Science Foundation Cooperative Graduate 
Fellow and A. W. Mellon Foundation Pre-Doctoral 
Fellow, University of Pittsburgh. 


tions in terms of suitable spin Hamiltonians 
suggests that the centers are analogues of the 
£| and £' trapped electron centers in pure 
crystalline quartz [1,2] with a Ge atom substi¬ 
tuted for the central Si atom in the E defect 
structures. Thus, these centers should be 
significant in the continuing attempt to 
delineate radiation-produced structural defects 
and defect center paramagnetism in covalent 
solids [3]. In this respect, the present centers 
differ from other impurity-related centers 
previously investigated in normal [4] and Ge- 
doped[5,6] quartz. The radiation-produced 
paramagnetism of the latter centers can be 
characterized as an impurity paramagnetism 
(the net-unpaired-spin electronic configuration 
responsible for the paramagnetism is stabilized 
by the impurity ions — in the absence of these 
ions, no analogues of the magnetic electronic 
configurations would exist). 
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The existence of Ge-substituted E' centers 
will be of interest in connection with current 
experimental efforts on electronic relaxation 
processes in quartz [7-9] and on defect 
structures in thin SiO s films [10,11], 

2. SPECTROSCOPY OF E' CENTERS 

The specimens used in the present investigation were 
taken from hydrothermally grown synthetic quartz 
boules[12. 13] obtained from three different sources.* 
For the spectroscopic measurements, rough-cut blanks 
were aligned by Laue back reflection techniques and 
rectangular parallelepipeds 5 x 10 x 1 -5 mm- 1 , with their 
short dimension perpendicular to the crystallographic 
(00-1) planes (so-called 'z-plates'), were cut from the 
blanks. These were then X-irradiated and subjected to 
slective bleaching treatments described in detail in the 
appendix. The specimens were then mounted on a teflon 
rod inside a TF.,,,, cylindrical microwave cavity resonant 
at approximately 9350 MHz. Two perpendicular experi¬ 
mental rotation axes permitted arbitrary orientation of the 
specimen in the d.c. polarizing magnetic field The EPR 
spectrometer used was a conventional high sensitivity 
equipment: an electronically stabilized klystron source, 
reflection microwave bridge, and single crystal detection 
were employed. Resonant absorption spectra were 
obtained at fixed microwave frequency by linearly 
sweeping the d.c. polarizing field, and 125 kHz sinusoidal 
modulation of the polarizing field was employed to 
take full advantage of the phase sensitive detection 
technique[14], All measurements were made at room 
temperature. 

All angles (e.g. Tables 1-4) are given with respect to 
a coordinate system in which the ;-axis is the a Si0 2 
r-axis (the threefold optic axis [0(X)l|), and the x-axis is 
the a-SiO, positive crystallographic axis, that is, the 
negative electric axis (|2110) parallel to a twofold 
a-axis)|l5]. The loci of the crystalline c and a axes were 
determined by X-ray Laue photographs and from oscillo¬ 
scope observation of the EPR spectra (i,e. from the 
symmetry of physical responses). The remaining 
ambiguity— the sense of the twofold axis-was resolved 
by piezoelectric effect determinations [16). All specimens 
used in the present investigation were left handed 
crystals. The handedness of the specimens was determined 
from optical rotation measurements 117], The polar angle 
8 is thus given with respect to the (0001] pole, the 
azimuthal angle <f> with respect to the positive crystallo¬ 
graphic axis (2HO], which is the electronegative axis. 
For right handed specimens, 4> is positive when counter¬ 
clockwise in the x-y plane, as viewed from positive z. For 
left handed specimens, <j> is positive when clockwise in 
the x-y plane. This convention (right hand) coordinate 
system for RHa-Si0 2 , left hand coordinate system for 

*Df.*' john H. Mackey, Jr. and Mr. Baldwin Sawyer 
provided many of the research specimens used in the 
investigation. Specimens were cut from Bell Telephone 
Laboratory, Clevite Corporation, and Sawyer Research 
Products quartzes. 


LH a-Si0 2 ), if used consistently, results in azimuthal 
specifications which are valid in magnitude and sign for 
both right and left quartz.* The situation is summarized 
in Fig. 1. 

oc-SiO g 

POINT CROUP 32 CD3); LAUE 0R0UP 3mCD 3(J ) 


LQ - Left Quartz Rioht Quartz - RQ 

SPACE GROUP P3(2I(D 3 ) SPACE GROUP P3g2IIDj) 



V • ARBITRARY VECTOR in cntrtal ooonoinato 
X-ELECTRONEGATIVE AXIS [2TT0] , TWOFOLD 

Y * MECHANICAL AXIS [OHO] 

Z ■ OPT I C AXIS [0001] , THREEFOLD 

Fig I. Coordinate systems in low-quartz (a-Si0 2 ). The 
vector V refers to a ‘direction’ in the quartz, structure 
(for example, an Si-O bond axis) or to a ‘direction' of an 
anisotropic physical property (for example, a principal 
vector of a spin Hamiltonian tensor). The X, Y, and 
Z axes are parallel to crystalline «, b. and c axes, 
respectively. For RQ. +X || +a\ for LQ. -tX |] —a. 

A detailed discussion of EPR spectroscopy in 
a-Si0 2 :Ge is contained in the Appendix. 

A. [Ge( 111 )e _ ] and [Ge(IV)f] centers 
The spin Hamiltonian relevant to two of the 
previously unreported centers is: 

{H.g*.s + S.A„.I 

R 

+ 2 (s.A„'.r+yftH.r)} o) 


’The vexing question of coordinates in quartz has long 
been one of the main obstacles to communication of 
results. Twenty years ago Cady described the problem 
as running like a crack through an otherwise perfect 
crystal. The situation has not really changed. Refer¬ 
ence^] contains pertinent information, and Fig. I a 
summary of the conventions used in the present work. 
The present conventions are based on the earlier (Cady) 
Standard. Any statement regarding the sense of the 
conventional crystallographic axis a applies to right 
quartz and must be reversed for left quartz. 
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The first term is the anisotropic Zeeman 
interaction, the next represents an interaction 
involving the magnetic minority nucleus Ge 73 
(with A r representing an anisotropic hyperfine 
interaction). The final term arises from 
magnetic Si 28 isotopes, located in several Si 
sites t in the defect environment, which 
exhibit hyperfine interactions with the elec¬ 
tronic magnetic moment. The 1 indicates a 

summation over terms related by the sym¬ 
metry operations of the Laue group D 3li of 
a-Si0 2 [18]. For the centers of interest, 
S = i(see Appendix). 

The results of fitting the experimental data 
to the Hamiltonian (1) are listed in Table 1 
for the two centers of interest.* Some prelimi¬ 
nary comments can be made. One is that, on 
the basis of the spectroscopic information, the 
centers appear to be quite similar. The essen¬ 
tial differences are in the magnitude of 
the hyperfine interactions. Unfortunately, the 
Ge 71 absorptions for the [GedlDe - ] center 
were too weak to permit detailed analysis, but 
the c -axis splittings were sufficient to provide 
an estimate of the hyperfine parameters. Since 
the two centers arise from different heat 
treatments of the specimen subsequent to 
irradiation, as discussed in Section 3B. it is 
reasonable that they may be modifications of 
a common basic defect structure. 


•The nomenclature for magnetic defects is that of 
MACKEY J. H.. Jr., J t hem. Phys. 39 , 74 (1963). The 
notation (inside the square brackets denotes a host) 
ion or substitutional impurity, the charge carrier 
trapped (e + or e~), and the presence of interstitial ions 
(after a virgule). The parenthetical symbols distinguish 
centers of similar basic composition. Mackey's terminol¬ 
ogy. developed for substitutional impurity centers, has 
been extended here to lattice defect centers. In this case, 
the parenthetical symbol may be used to designate a 
lattice defect structure. Thus, [Oe(III)e ] describes a 
trapped electron localized on a Ge substitutional im¬ 
purity. as does [Ge(IV)e~], The parenthetical III and 
IV indicate that two distinct centers of this type exist, and 
further that the centers involve lattice defects character¬ 
ized as III and IV. [Si(£ 2 )e“/H*] describes a trapped 
electron localized on an Si ion adjacent to an £ 2 defect 
and an H + interstitial ion. A simpler terminology, for 
lattice defect centers which do not involve substitutional 
impurities, is that of R. A. Weeks. In Weeks’s notation, a 
magnetic center consisting of a single electron trapped at 
an £ 2 defect is designated Ej. 


A second point is that the centers may be 
assumed to consist of an electron or hole 
localized primarily on a Ge kernel (giving rise 
to the large Ge” splittings) and overlapping 
to a much lesser extent Si sites in the neighbor¬ 
hood of the Ge-impurity (giving rise to the 
several Si 28 hyperfine doublets). 

The third point suggested by the data on 
[Ge(III)f ,_ ] and [Ge(lV)e~] in Table I is the 
similarity between these centers and the E\ 
trapped electron center observed by Weeks 
and detailed by Silsbee in neutron and y- 
irradiated quartz crystals. 

For convenience the data of Silsbee on the 
E\ center in Ge-free quartz are exhibited in 
Table 2 [19], This center, which has bden 
attributed by Silsbee to an electron occupying 
an orbital localized on a Si site, is character¬ 
ized by spin Hamiltonian tensors quite 
similar to (hose of the fGe(Hl)e] centers 
exhibited in Table 1. On the basis of this 
similarity, the centers responsible for the 
(Ge(JII)r - ] and [Ge(IV)e _ J absorptions are 
presumed to consist of structures fundamen¬ 
tally identical to [Si(£ 1 )e“], with a Ge atom 
entering the paramagnetic structure substitu- 
tionally for the central Si atom. 

This correlation implies that the Ge-related 
centers involve a lattice defect. The fact that 
the [Si(E, )e~] defect has been observed in 
very pure Fused silica as well as crystalline 
quartz implies that it is not associated with 
any impurity.* The absence of any hyperfine 
multiplets due to impurity nuclei supports 
this conclusion. This leaves two possibilities: 
(1) the localized states are associated with 
defects of the Si0. 2 lattice (Si or O interstitials 
or vacancies, e.g.), or (2) localized lattice 
distortions provide orbitals which may 
accommodate electrons or holes produced by 
ionizing radiation (self trapped holes in 
‘molecular’ orbitals, for example). The stabil¬ 
ity of the centers and symmetry arguments 
eliminate the second possibility, and the 


•Impurities common to most or all of the specimens 
examined in this study have high-abundance magnetic 
isotopes. This point is discussed in Ref.f I). 
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Table 1 A. Spin Hamiltonian parameters for [Ge(IlI)£ ] center in a-Si0 8 :Ge 


[Ge(lll)<r] 


Principal values and principal directions of spin Hamiltonian tensors 
Present investigation 


Zeeman g -tensor 

2-0011 

1-9950 

1-9939 

(113°, 50°) 

(52°, 340°) 

(47°, 116°) 

Ge” strong hfs 


not measured directly 



(c-axis data only) 


Si” weak hfs 

9-85 x 10 -4 cm” 1 


7-65 x 10~ 4 cm -1 


(66°, 83°) 


axially symmetric 

Si” weak hfs 

9-15 x lO-'cnr' 


7-01 x lO-’cm-* 


(146“, 97°) 


axially symmetric 

r-Axis orientation data. Present investigation 

Zeeman g c 

1-9955 



Ge” strong hfs 

228 G 



Si” weak hfs 

9-1 G;8-6G 



Si” very weak hfs 

1-5 G; 0-5 G (?) 




All directions are specified as according to Fig. I. The estimated errors are ±0 0003 for 

g-values, I O'* cm" 1 for weak hyperfine constants, and ±3° for all directions. V-Axis data’ refers to 
data obtained with H parallel to [0001 ], the crystalline i -axis. 


Table 1B. Spin Hamiltonian parameters for the [GeOV)? “] center in a-Si0 2 :Ge 


[Ge(lV)c~J center 


Principal values and principal directions of spin Hamiltonian tensors. Present investigation 


Zeeman g-tensor 

2-0010 

1-9942 

1-9935 


(114°. 49°) 

(53°. 339°) 

(47°, 114°) 

Ge” strong hfs 

268 x I0~ 4 cm 1 


241 x 10" 4 cm 1 


(113°, 50°) 


axially symmetric 

Si 2 " weak hfs 

9-61 x 10 4 cm ' 


7-55 X I0-"cm-' 


(67°. 85°) 


axially symmetric 

Si” weak hfs 

10-58 x 10 •‘cm 1 


8-21 x 10 _4 cm ' 


(146°.%°) 


axially symmetric 

r-Axis orientation data. Present investigation 

Zeeman g,. 

1-9951 



Ge” strong hfs 

262 G 



Si” weak hfs 

10-6G; 8-5 G 



Si” very weak hfs 

1 -2 G;0-8 G (?) 




All directions are specified as (fl, d>). according to Fig. I. The estimated errors are ±0 0003 for 
^-values, ±10 ’ cm 1 for strong hyperfine constants, ±10 _ "’cm 1 for weak hyperfine constants, and 
±3° for all directions. V-Axis data’ refers to data obtained with H parallel to [0001], the crystalline 
c-axis. 


[Se(is,)? - ] center must be associated with 
defects in the quartz lattice*. The [Ge(III)e ] 
and [Ge(IV)f _ ] centers must then also be 

*This point is central to all analyses of E' centers. It is 
discussed in some detail in Ref. [ 1 ]. 


presumed to be associated with defects in the 
Si0 2 lattice. Presumably, this defect involves 
at least an oxygen vacancy [1,2,19], 

Thus, the Ge atom is, in a sense, incidental 
to the basic paramagnetic defect. The E[ 
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Table 2. Spin Hamiltonian parameters for the [Si(£i)tf _ ] center in a- SiO* 


[Si(£i)e ] center 


Principal values and principal directions of spin Hamiltonian tensors (Silsbee [ 19]) 


Zeeman g -tensor 

2-00176 

2 00049 

2-00029 


(114°, 50°) 

(52°, 339°) 

(45°. 114°) 

Si” strong hfs 

424 x 10-* cm' 1 


364X10-° cm- 1 


(113°, 50°) 


axially symmetric 

Si” weak hfs 

8-61 x 10-° cm-' 


6-89xl0- 4 cm-> 


(55°, 83°) 


axially symmetric 

Si” weak hfs 

9-15 x 10- 4 cm-' 


7-34 x 10 °cm-’ 


(141°, 106°) 


axially symmetric 

c'Axis orientation data, Silsbee [19] 

Zeeman g e 

2-0007 



Si” strong hfs 

400 G 



Si” weak hfs 

9G;8G 



Si” very weak hfs 

0-7 G; 0-4 G (?) 



Principal values and principal directions of spin Hamiltonian tensors. Present investigation 

Zeeman g-tensor 

2-0017 

2 00048 

2-00021 

— 

(114°, 48°) 

(47°, 343°) 

(53°, 118°) 


c-Axis orientation data. Present investigation 


Zeeman g r 

2 0006 

Si” weak hfs 

9-2G;8-3G 

Si” very weak hfs 

0-7 G 

All direction are specified as 

(8, <t>). according to Fig. 1. The estimated errors in Silsbee's data 

(quoted from Silsbee [ 19J) are ±0-0002 absolute, ±0-00005 relative for g-values, ±2-10 4 cm-’ for strong 


hyperfine constants, ±5-10"“ cm -1 for weak hyperfine constants, and ±2° for g-tensor and strong 
hyperfine directions, ±4° for weak hyperfine directions. The estimated errors in the Present investiga¬ 
tion data are ±0 0003 absolute. ±0-0001 relative for g-values, and ±6° for g-tensor directions. ‘c-Axis 
data’ refers to data obtained with H parallel to [0001], the crystalline c-axis. 


defect is produced in crystalline quartz by 
ionizing irradiation or particle bombardment. 
The electron orbital for the unpaired spin is 
relatively well localized on an Si atom position 
in the crystal, and this atomic position may be 
occupied by either a Si host atom or a Ge 
impurity atom without introducing marked 
changes in the angular characteristics of the 
orbital functions. 

The [Ge(Ill, IV)fr] centers are clearly 
distinguished from the impurity-related para¬ 
magnetic centers previously observed in 
crystalline quartz. Both the trapped-hole 
aluminum impurity centers [Ale + ], and the 
trapped electron Germanium impurity centers, 
[Ge(/4)e"7M + ] and [Ge(C)e“/M + ], have 


been tentatively analyzed in terms of models 
in which the impurities are located in normal 
Si positions in the a-Si0 2 matrix [4,5,6], 
These centers may involve additional im¬ 
purity ions (e.g. M + = Na + or Li + for the 
[Ge04)e~/M + ] centers), and in general are 
characteristic of the impurity content of the 
quartz and not of structural defects in the 
a-Si0 2 lattice. 

The final entry of Table 2 represents data 
obtained on a center observed during the 
present investigation. This center could be 
produced in samples containing no measur¬ 
able Ge impurity (as determined by spectro- 
chemical analysis and by the absence of any 
EPR absorptions from Ge-related A and C 
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centers), and is thus assumed to be associated 
with the SiOj lattice. This assumption is 
further justified by the fact that any significant 
unpaired spin density on impurity atoms 
present in the quartzes used should produce 
characteristic hyperfine splittings on the 
primary absorptions (since all the impurities 
common to specimens which were investi¬ 
gated possess a single magnetic isotope in 
dominant abundance). Such characteristic 
hyperfine splittings were not observed. The 
center occurred with weak intensity relative 
to Ge centers in Ge-doped quartzes. The 
spectral absorptions were overlapped by 
those from the [Ge(IU)e _ ] center at most 
orientations, so full spectroscopic data were 
not obtained. Any conclusions regarding this 
center would thus be tentative. However, the 
data obtained are consistent with those of 
Silsbee on the [Si(E,)e J center. This is the 
first reported evidence of [Si(£,)e _ ] genera¬ 
tion by X-irradiation in crystals. The center 
has been observed previously in 1 MeV y- 
irradiated crystals and in neutron irradiated 
crystals. 


B. [Ge{E 2 )e~/H + ) centers 

Table 3 gives the results of fitting observed 
spectroscopic data to the spin Hamiltonian 

^r = 2 { h . gfl. s+s. A fl . i 

+ 2 (S . A,'. I' + y'ftH . I') 

t 

+ S. A* < '.I"+y , ftH.I"}. (2) 

This is identical to the Hamiltonian (1) with 
the exception of the final two terms. These 
two terms arise from a proton in the defect 
environment. A« ,; again represents an aniso¬ 
tropic hyperfine interaction and . I" a 

proton Zeeman term. This proton interaction 
represents the major observed difference 
between the present center and the two 
centers described in Table 1. The justification 
of the assignment of the hyperfine splitting to 
a proton is given in the Appendix. 

The Hamiltonian given above contains 
terms involving hyperfine interactions (repre¬ 
sented by A ft ') with neighboring Si SB ions 
in the defect environment. Weak doublets 


Table 3. Spin Hamiltonian parameters for the [Gc(E 2 )<?~7H + ] center in 

a-Si0 2 :Ge 


[Ge(£ 2 )c /H + J center 

Principal values and principal directions of spin Hamiltonian tensors, Present investigation 

Zeeman x’-tensor 

Ge 73 strong hfs 

H‘ hfs 

2 0009 
(131°, 208°) 

1-02 x 10-'cm 
(130°, 203°) 

1-9952 
(49°, 167°) 

not measured directly 
(c-axis data only) 
-0-32 x 10-' cm-’ 
(57°, 145°) 

1-9943 
(68°, 277°) 

-0-55 x 10-'cm' 1 
(57°, 260°) 

r-Axis orientation data. Present investigation 

Zeeman g r 

1-9976 



Ge” strong hfs 

270 G 



Si** very weak hfs 

1-3 G; 0-7 G 



H 1 hfs 

0-I7G 




All directions are specified as (8, 4>), according to Fig. 1. The estimated errors are ±0-0003 for 
g-values, ±10 -s cnr‘ for the proton hyperfine constants, and ±3° for g-tensor directions, ±6° for 
proton hyperfine directions. ‘c-Axis data - refers to data obtained with H,„ parallel to [0001], the 
crystalline c-axis. 
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centered on the primary spectra were ob¬ 
served at certain orientations, and data are 
given for the crystal optic (c) axis parallel to 
the d.c. polarizing field. From the spectra 
examined in the present analysis, it is not 
possible to definitively analyze such super- 
hyperfine splittings. The complexity of EPR 
spectra in Ge-doped quartz prohibited detailed 
identification of the Si M doublets at a sufficient 
number of orientations (see Appendix). 

The Ge 73 splitting could also only be 
measured with the crystal oriented such that 
its c-axis was parallel to the polarizing 
magnetic field, as indicated in Table 3.* The 
simple structure of the Ge 73 multiplet indi¬ 
cated that 5 = i (see Appendix). As described 
above the present results were obtained at 
room temperature on a research specimen 
obtained from a synthetic quartz boule, using 
standard high sensitivity X-band EPR 
techniques. 

The data contained in Table 3 lead to the 
following preliminary conclusions. First, the 
center may be presumed to consist of an 
electron or hole localized primarily on a Ge 
kernel (giving rise to the large Ge 73 splittings) 
and overlapping to a much lesser extent a 
proton located in the vicinity of the defect. 
The hyperfine interaction with the proton is 
highly anisotropic and small (much less than 
the proton Zeeman interaction at a polarizing 
field of approximately 3300 Oe).+ 

There are two relatively simple explanations 
for a center of the type described. The first is 
that the present center is a proton-compensated 
analogue to the [Ge(/4 )e~/M + ] or [Ge(C)e - / 
M + ] centers described by Anderson and 
Weil [5] and Van Wieringen and co¬ 
workers [6]. These centers consist of an 
electron trapped primarily on a Ge-impurity 
and exhibiting weak anisotropic hyperfine 


‘This was a signal intensity problem. As discussed in 
the Appendix, the ten Ge 73 hyperfine lines are three 
times more intense for the c-axis parallel to polarizing 
field orientation than for any other orientation. 

tDetailed data and discussion of this point are contained 
in the Appendix. 


interactions with a nearby Na + or Li + ion 
(designated as M + ). This class of magnetic 
centers is presently understood to involve Ge 
substituted at a normal ,Si lattice site (hence 
bonded to four oxygens). < 

An alternative explanation, and one that 
will be defended in this paper, is that the 
observed center is related to previously 
studied structural defects in the quartz lattice. 
The proposition is that the present center 
is properly designated as [Ge(E 2 )e“/H + ], 
a Ge-substituted analogue of the center 
[Si(E 2 )e-/H + ] described by Weeks[2]. The 
spectroscopic parameters of the E' t center in 
high-purity crystalline quartz are exhibited in 
Table 4. These numbers are recalculated from 
Weeks’ published data and differ slightly from 
his published parameters [2], The recalcula¬ 
tion was done to exhibit explicitly the full 
g-tensor and proton hyperfine anisotropy that 
is manifest in Weeks’ data. This facilitates 
detailed comparison with Table 3 parameters 
on [Ge(£ 2 )e~/H + ] and with spectroscopic 
analyses of E\ centers. The deviations from 
axial symmetry, which were neglected by 
Weeks, are in fact quite small. 

The general similarity of the spectroscopic 
data in Tables 3 and 4 justifies the assertion 
that the two centers are analogues. In parti¬ 
cular both are presumed to be E 2 defects, in 
Weeks’ terminology, consisting of an electron 
trapped at a defect structure designated as E 2 . 
The defect presumably involves at least an 
oxygen vacancy [1,2], Weeks’ measurements 
indicated that the E 2 defect may, and generally 
does, involve an interstitial proton. However, 
his spectra, and the relaxation measurements 
of Castle and Feldman [7] exhibit responses 
from an £ 2 defect which was presumably 
identical to that described in Table 4, but 
without the compensating proton. No such 
response was positively identified in the 
present work. The complex background 
observed in the spectra from Ge-doped speci¬ 
mens could have masked a weak singlet 
located at the proton doublets' average 
position. The present experiments thus 
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Table 4. Spin Hamiltonian parameters for the [Si(£ 2 )e~/H + ] center in 

a-Si0 2 :Ge 


[Si(£ s )f-/H + ] center 


Principal values and principal directions of spin Hamiltonian tensors (Adapted from Weeks [2]) 


Zeeman g-tensor 

Si** strong hfs 

H'hfs 

2-0020 
(120°, 208°) 

1-5 x I0” 4 cm”' 
(126°, 215°) 

2-0007 
(67°, 133°) 

not measured directly 
(r-axis data only) 
-0-1 x I0~ 4 cm _l 
(44°, 257°) 

2 0005 
(39°, 253°) 

-0-2 x 10 _4 cm”' 

(70°. 140°) 

r-Axis orientation data. Weeks [2] 

Zeeman 

2-0009 



Si” strong hfs 

412 C. 



Si" very weak hfs 

1 -0 G, 0-8 G; 0-4 G 


H'hfs 

0-4 G 




All directions are specified as (<),<)>), according to Fig. I. The estimated errors in computing the 
principal values and directions from the published data are ±0-0001 for ^-values, I0” 5 cm”' for proton 
hyperfine constants, and ±5° for g-tensor directions, ±10° for proton hyperfine directions. ‘r-Axis 
data’ refers to data obtained with Hdc parallel to [0001 ], the crystalline e-axis. 


neither confirm nor preclude the existence of 
a defect structure of the ty pe [Ge (£ 2 ) e ~]. 

Thus, the paramagnetic structure E' can be 
produced in crystalline quartz by ionizing 
irradiation or particle bombardment. The 
electron orbital for the unpaired spin is 
relatively well localized on an Si atom position 
in the crystal. This site, which may be distinct 
from a normal lattice position because 
of distortions associated with the lattice 
defect [20], may be occupied by either an Si 
host ion or a Ge impurity ion. The Ge ion is 
in this sense incidental to the present defect. 
As with the [Ge(III, IV)e“] defects, this 
clearly distinguished the present center from 
previously studied magnetic defects related to 
impurities in quartz. These last remarks must 
be qualified by the explicit assertion that the 
[Si(E 2 )e~/H + ] center was not observed in the 
present experiments. X-irradiation does not 
produce [Si(£ 2 )f~/H + ] centers in measur¬ 
able concentration in «-Si0 2 , although it will 
produce [Si(E,)e~].* 

The identification of the present center as 


“See Section 2A on Ej-type centers. 


[Ge(E 2 )e“/H + ] is reinforced by experiments 
on generation and stability of the magnetic 
response, discussed in Section 3B. 

C. Interpretation of spectroscopic data 
The spectroscopic data for each of the 
E'-type vacancy centers in a-Si0 2 are quite 
similar. This can be made evident by analyz¬ 
ing the data in terms of a very simple model of 
the wave function for the unpaired electron. 
Basically, the hyperfine constants and g-shifts 
are normalized to appropriate parameters 
derived from data on atomic Si or Ge. 
The logic has been discussed in detail by 
Silsbee [19], and in particular by Watkins and 
Corbett [21-23]. The procedure will be 
presented here in outline only. 

The wave function for the E' unpaired electron is 
constructed as a linear combination of atomic orbitals 
centered on the several atoms neighboring the defect 

(vacancy or vacancies): 

= 2 Vi'l'i- (3) 

This expansion would include terms on the central 
silicon or germanium atom, on the shell of oxygen atoms 
surrounding the central cation (three or less, depending on 
the number of oxygen vacancies), on the next shell of 
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silicon atoms, etc. For the majority of £, centers, the 
expansion also involves a proton in the defect environ¬ 
ment. 

It is evident from the spectroscopic data that the 
dominant term in the expansion (3) is the atomic orbital 
ifto on the central atom site. 

<l»o= Ood>«+j3o<i>w (4) 

■/>„ is here approximated as hybrid nsnp atomic orbital, 
with n = 3 for Si-related £' defects and n = 4 for Ge- 
related E' defects. The Si 2 * and Ge 73 strong hyperfine 
interactions can be analyzed in the approximation that 
they are determined solely by 1 1/ 0 . The axially symmetric 
form assumed by the interaction parallel and perpendi¬ 
cular to the p-orbital axis is expressed by interaction 
constants a„ and b„ that 


An = a,, + /) 0 (5) 



The constants a,, and h a relate to the isotropic Fermi 
contact interaction 

= (^g,-/3,.Sn/3,,V«(i 2 ldV0)| 2 (7) 

and the anisotropic dipole-dipole interaction 

bo* (8) 

respectively. 

The E' center wave functions can thus be related to 
atomic s, p wave functions on the central cation by 
comparing experimental values for a 0 and b„ obtained 
from Tables 1-4 with values of |d>„,(0)| 2 and <r“ 3 ) for 
atomic Si or Ge, as appropriate. Values of (r“ 3 ) are 
obtained from the estimates of Barnes and Smith[24], 
corrected for relativistic effects. Values for |<£,„(0)| 2 are 
obtained by‘scaling the corrected Bames-Smith values 


of <r.p*) by the ratio obtained from 

Hartree-Fock calculations. Values of |^ fu (0)| , /(r^> for 
Si“ are adapted from Watkins and Corbett [22]; values 
for Ge” are extrapolated from Watkins and Corbett [22] 
and Elkins and Watkins [23%, The value of |<f> <t (0) I 2 ,, 
derived thus agrees quite closely with that estimated by 
Kohn and Luttinger[25]. The results are 

silicon: |^j/“|ii = 32 x lO^cm 3 
<r£)„- 16X10** cm-» 
germanium: |d> 4 .(0)|4e = 84 x lO M cm* s 
<r7p)o = 38 x 10 2 ' era' 1 

The results of substituting these last numbers plus 
<A # )o and (Aj.) 0 from Tables 1-4 into equations (5)—(8) 
are summarized in Table 5. The quantities A, and Ax for 
the strong hyperfine interactions have not been deter¬ 
mined directly for the centers [Ge( III >e _ ], [Ge(£ s )e~/H + ], 
and [Si(£,)f~/H 4 ]. The estimates in Table 5 were 
obtained from the c-axis hyperfine positions*, assuming 
the principal axis systems for g and A in equations (I) and 
(2) to be identical. This is quite reasonable for the g-tensor 
symmetry and the large hyperfine splittings measured[26]. 

Within the limitations of the model and the 
errors in the atomic wave function estimates, 
the wave function parameters in Table 5 
suggest that the unpaired electron in all of 
the magnetic E' centers is strongly localized 
in an s-p hybrid orbital on a single cation 
(either a normal Si or substitutional Ge). The 
simplest picture is an electron in an sp 3 


'The calculation of Ge 73 hyperfine constants is 
discussed in the Appendix. 


Table 5. Wave function coefficients of the unpaired electron orbital for magnetic E' 

centers in a- Si0 2 :Ge 



Hyperfine constants 

Wave function coefficients 



bo 

100t,„ 2 

Center 

(10'cm 1 ) 

(10“'cm ') 

a„ 2 0„ 2 (% of total w.f.) 


£,’: [Si(£,)e-] 

384 

40 

0-31 

0-69 

87 

£|: [Ge(lll)e“] 

218 

16 

0-37 

0-63 

91 

E{: [Ge(lV)e'] 

250 

18 

0-38 

0-62 

103 

£J: [Si(£j)(’"/H + ] 

400 

50 

0-28 

0-72 


£[: [Ge(E,)e-/H + ] 

250 

14 

0‘43 

057 

89 


The first two columns list a 0 = isotopic contact and b 0 = dipolar hyperfine constants, computed from the 
hfs parameters in Tables 1-4. The last three columns list atomic wave function coefficients calculated from 
and b 0 , using text equations (7) and (8). The anomalies in the final column (tj 0 * > I 00) presumably result 
from neglecting core polarization corrections to the atomic hyperfine constants. 
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non-bonding directed orbital facing an oxygen 
vacancy. 

This picture is reinforced by the basic 
symmetry of the EPR responses. The g-tensor 
symmetry approximates that expected from 
an electron in broken tetrahedral coordination 
(g-tensor approximately axial with Agn == 0 
and Ag x small)[19,22]. In this approximation, 
the g-tensor and strong hyperfine tensor 
unique axes for [Si(£|)e~] and [Ge(l 11 
or IV)e~] are parallel to an Si-O bond. The 
deviation from the Si-O direction calculated 
from X-ray crystallographic studies has the 
same magnitude as the error estimated for the 
reduced spectroscopic parameters (Tables 
I -3). The situation is illustrated in Fig. 2. 

For the £' centers, the considerations of 
Weeks [2] on defect geometry cannot be 
reproduced. The data [Ge(£ 2 )e"/H + ] again 
place the unique g tensor axis parallel to an 
Si-O bond (the Si n -O m bond in Fig. 2). In 
this case, the discrepancy exceeds the esti¬ 
mated error. The unique spectroscopic axis 
for [Si(£ 2 )e~/H + ] deviates significantly (20°) 
from the appropriate bond direction. The 
obvious assignment of the source of this 



Fig. 2. The geometry of the bonding tetrahedron in 
a-quartz. The angular specifications are (#,<(>), defined 
in Fig. 1. Small spheres are Si or Si-substituted Ge; large 
spheres are oxygen, The Si-O directions labelled E, and 
E, are approximately parallel to the unique principal 
axes of the g-tensors for E|- and £ 7 , -type magnetic 
defects. As explained in the text, this refers to the 
approximation that the g-tensors are axially symmetric. 


discrepancy is to the charge compensating 
proton. For [Ge(£ 2 )e~/H + ], the unique axis 
of the proton hyperfine tensor is approxi¬ 
mately parallel to the unique axis of the 
g-tensor. Within the uncertainty of present 
measurements, they can be regarded as 
identical. The same conditions exist with 
regard to the [Si(£ 2 )<?"/FI + ] center. Within 
the experimental error, the proton axis and 
g-tensor axis are parallel, but the presumed 
error is, in fact, rather large. 

The simplest interpretation consistent with 
all available data is that the £ 2 center electron 
is localized in a directed orbital along the 
Si-O direction indicated in Fig. 2. This 
geometry can be more or less distorted (more 
for [Si (£ 2 ) e-/H 4 ], less for [Ge (£ t ) e/H + ]). 
The distortion is attributed to the effect of the 
associated charge-compensating proton. The 
study of A and C centers in Ge-doped quartz 
indicates that metallic impurities tend to 
occupy interstitial positions along the c-axis 
channels in quartz[5,26]. In these cases, 
there is presumably no associated lattice 
defect (the centers consist of a substituted 
impurity plus an interstitial, but no unoccupied 
lattice sites). For £' defects, it is reasonable 
to assume that the proton exists somewhere 
between the vacant oxygen site and the c-axis 
channel position. 

The two Si-O bonds just cited are not 
equivalent under the symmetry operations 
appropriate to a-Si0 2 . The four near neighbor 
oxygens of a given silicon define a distorted 
tetrahedron and are symmetry related in pairs 
only. The point symmetry about an Si atom 
site is thus C 2 „, with one of the crystalline 
a-directions as the twofold axis. This is clearly 
evident for the Si 0 atom of Fig. 2. For a given 
silicon, there are two ‘long’ Si-O bonds 
(1*611 A interatomic spacing) and two ‘short’ 
Si-O bonds (1-604 A interatomic spacing). 
The principal spectroscopic direction for 
£,' centers is parallel to a ‘short’ Si-O bond, 
and that for E' 2 centers approximately parallel 
to a ‘long’ Si-O bond. 

As mentioned above, the g-shift tensors 
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for E' centers are consistent in a first approxi¬ 
mation with the broken tetrahedral coordina¬ 
tion model. Closely related calculations on E' 
centers in undoped quartz and on E centers in 
phosphorus doped silicon have been described 
in some detail [21-23]. These proceed on the 
assumption that the g-shift data can be 
treated in terms of a localized ‘molecule’ made 
up of the central defect cation (Si or Ge) and 
the three nearest neighbors (oxygens in the 
present case). Again, the unpaired defect 
electron is presumed to occupy a non-bonding 
sp hybrid on the cation, with the remaining 
hybrids used in normal covalent bonding with 
2 p orbitals on the oxygens (see Fig. 3). In the 



Defect Geometry Eneroy Level Scheme 

Fig. 3. A molecular model for g-tensor calculation on E' 
centers. The model assumed an unpaired electron 
localized in' a non-bonding orbital iji 0 along an Si-O 
band direction. The hybrid s-p orbital i/< u is directed 
toward an oxygen vacancy. The g-shifts are presumed to 
arise via spin-orbit coupling to normal bonding orbitals 
i \>+ and antibonding orbitals 1 1> . This simplified model 
assumes three degenerate bonding and antibonding 
orbitals (and hence a non-distorted bonding tetrahedron). 
In the diagram, electron occupancy is indicated by arrows 
representing spin states. 


first approximation, the g-shifts result from 
the admixture into the nonbonding orbital 1 1» 0 , 
via spin-orbit coupling, of bonding orbitals 
i/> + , and antibonding orbitals 4>~- 

The result of calculations on this model is an axially 
symmetric g-tensor oriented along the broken bond axis. 
The g-shift for field orientations perpendicular to the 
symmetry axis arises from incomplete cancellation of the 
contributions from admixtures of ifi~ (yielding negative 
^-shifts) and ii + (yielding positive g-shifts). For E defects 


in silicon, Watkins and Corbett [22] attribute the in¬ 
complete cancellation to difference in bonding and 
antibonding energies (£» * E„) and to stronger matrix 
elements between <]», and if/ + than between d> 0 and i|r. 
They assign this last factor in part to a core orthogonaliza- 
tion Correction. For a-SiO„ Sil$bee[19] and Ruffa[20] 
assume that E „ - E h , and Silsbee assigns the incomplete 
cancellation for [Si(£,)e~] to matrix element differences 
for the two contributions, in particular, the partially ionic 
character of the Si-O bond implies an excess of oxygen 
2 p wave function in the bonding orbital and a correspon¬ 
dingly larger fraction of silicon sp 3 wave function in the 
antibonding orbital. Since, in this approximation, only the 
,r p 3 orbitals on the central defect cation contribute to the 
g-shifts, the partial ionicity of the er-Si0 2 system result 
in dominant g-shift contributions from the antibonding 
matrix elements. 

The negative g-shifts results from an expression of the 
form 


Ag-t 



(l-y)d-e) 

E b 


(1 +y)(l +6) 



(9) 


The parameters y and 5 account for core orthogonaliza- 
tion and the partially ionic character of the Si-O bonds. 
Proper application of the g-sKift expression (9) to the 
present problem requires a relatively detailed picture of 
the partially ionic bonding and antibonding orbitals for 
both normal Si and Si-substituted Ge in the 0 t-SiO 2 
structure. This will not be attempted here. 

The observed departure of g 0 from the free electron 
value and the departure of the g-tensor from axial 
symmetry cannot be reconciled with the simple picture of 
broken tetrahedral coordination. The present results 
emphasize these particular difficulties: the deviations 
from Agn = 0 and axial symmetry are much stronger for 
the Ge-related E' centers. 

A simple normalization of the g-shift data to atomic 
parameters can be effected, based on the result (9). The 
simplest attack, invoking the similarity of electron 
configurations for atomic Si and Ge (see [27]) and the 
structural and thermodynamic similarity of a-SiOj and 
crystalline GeO a [l5], presumes that y, 6 and E a = E b * 
E are not significantly changed by substituting Ge for Si 
in a~SiO z . 1 n this case 


Agj (Si) ~ Xap(Si) 

Agx(Ge) ~ \ 4p (Ge) (,0) 

that is, the g-shifts vary as the ratio of the atomic spin 
orbit parameter A np . These parameters are obtained from 
the interval relations cited by Fowler[27, 28): A ap (Si) ~ 
0 03 eV, A 4p (Ge) - 0-20 eV. 

Table 6 is a summary of g-shift data for the 
several E' centers (from Tables 1-4) and a 
compilation of normalized g-shift ratios (10). 
The g-shift data manifest the basic similarity 
of the two Si related E' centers and the three 
Ge related E' centers. The normalized ratios 
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Table 6. g-shifts and normalized g-shifts (Ag/X) for magnetic E' centers , 
calculated from Tables 1-4 


\g t = 2-0023 -giforE' centers in a-Si0 2 :Ge 

Center 

As, 

Aft 

Aft 

[Ge(lll)e ] 

12 X10' 4 

73x 10' 4 

84 X 10 -4 

[Ge(IV)e ] 

13 x10" 4 

81 x 10' 4 

88 x 10 4 

[Ge(£,)e'/H + ] 

14 x 10— 

71 x 10 4 

80 x 10 4 

[Si(£,)f] 

5 x 10" 4 

18 x 10 4 

20 X 10 4 

[Si(£j)e'/H + ] 

3 x 10 1 

16x 10' 4 

18 x lO -4 


As,/A 

Ass/A 

A S3 A 

Center 

(cm) 

(cm) 

(cm) 

(Ge(III)el 

Sx 10 -7 

46 x 10 7 

53 x10' 7 

[Ge(IV)e'J 

HX I0 -7 

51x10" 7 

55 x lO -7 

[Ge(£ 3 )e~/tT] 

9 X 10 7 

44 x I0 -7 

50 x 10' 7 

[Si(£,)e~] 

19 x I0 -7 

69 x 10 -7 

77x 10' 7 

[Si(E 2 )e"/H + ] 

12 x lO -7 

62x 10- 7 

69 X 10 7 


For the normalized ^-shifts, A = A.,„(Si) = 260 cm -1 for Si-related centers, and A = A,„(Ge) = 
1600 cm' 1 for Ge-related centers. The atomic spin-orbit coupling parameters were obtained 
from Moore [27], 


reflect the basic similarity of the Si and Ge 
related centers: most of the differences in the 
g-shifts are eliminated by normalization to 
atomic spin-orbit parameters. 

The qualitative success obtained from a 
grossly simplified model in estimating a zero- 
order electronic ground state (from strong 
hyperfine data) and first order corrections 
(from g-shift data) can be taken as encourag¬ 
ing evidence that ‘molecular orbital’ calcula¬ 
tions on these defects should be pursued. 
Such calculations would concentrate on the 
effects of detailed symmetry, partial ionicity, 
core polarization and orthogonalization, and 
bonding-antibonding energies on the hyperfine 
and g-shift parameters. 

In this connection, the several ‘weak’ and 
‘very weak’ hyperfine interactions observed 
in £' center EPR spectra are of great interest. 
These interactions should provide informa¬ 
tion on term coefficients aj and (3), for 
j ¥> 0, in the wave function expansions (3) and 
(4), Unfortunately, the first step in such an 
analysis cannot be effected from the simplified 
model presented thus far. It has not been 
possible to fit the principal axes of the weak 


Si 29 hyperfine interactions for E[ centers into 
the bonding tetrahedron of «-Si0 2 . Within the 
volume indicated in Fig. 2, the unique hyper¬ 
fine tensor axes for weak Si 29 interactions lie 
closest to Si,[-On and Si m -O m bond direc¬ 
tions. The discrepancies are large, however 
(10-20 degrees). The hyperfine energies 
presumably arise from direct overlap and 
direct dipole-dipole interaction as well as 
overlap core polarization and exchange core - 
polarization effects. The several contributions 
can vary in sign as well as amplitude, and it is 
not unreasonable that strong displacements of 
hyperfine axes from bond directions might 
result if these competing effects were of 
comparable magnitude. 

None of the very weak Si 29 interactions 
have been analyzed in detail. This is a serious 
deficiency, since observed splittings at favor¬ 
able orientations have the same magnitude as 
the direct nuclear Zeeman term. In this 
circumstance, the number of Si 29 neighbors 
which are responsible for a given complex 
of very weak doublet splittings can only be 
determined by careful analysis[29]. 

The weak and very weak Si 29 interactions. 
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and the details of the g-tensor, constitute the 
‘hard test’ of any model for geometry and 
electronic wave function of E' centers in 
a-SiOj. In the absence of detailed information 
on the very weak Si 89 doublets and quantita¬ 
tive understanding of the weak Si 29 hyperfine 
interactions, no significant use can be made of 
the Si 29 hyperfine structure of the EPR 
spectra. 

Failure to make detailed quantitative use of 
Ge 73 and Si 29 hyperfine data precludes spectro¬ 
scopic definition of the distinction between 
[Ge(IlI)*>-] and [Ge(IV)*-]. These differ 
only in several hyperfine amplitudes, which 
are approximately 10 per cent higher for the 
[Ge(IV)c“] center. The detailed similarity 
of the two centers suggests that they are 
closely related modifications of the same 
basic center, involving at least a single oxygen 
vacancy. Since all principal directions of the 
spin Hamiltonian tensors are identical, no 
gross configuration changes are presumed to 
be involved. Results on generation and 
bleaching of E' centers, presented in the 
Section 3B, offer a clear distinguishing 
characteristic for these two centers. 

3. SINGLE VACANCY MODELS FOR £' CENTERS 

The available data on Si-related and Ge- 
related E' centers suggest a single oxygen 
vacancy model for these magnetic defect 
structures. The geometries of the various 
E[ and E' 2 centers are quite similar. In parti¬ 
cular, the orientations of the localized orbitals 
for the unpaired electrons, as deduced from 
magnetic resonance responses, have been 
explained in terms of the single vacancy 
structure in Section 2 of this paper. Further, 
all details of the various E[ and E' 2 resonance 
spectra which can presently be explained in 
some detail are consistent with relatively 
simple modifications of a single oxygen 
vacancy. Those features of the EPR spectra 
which cannot presently be analyzed (the 
several Si 29 doublets, in particular) are not 
inconsistent with this simplified model, as 
has been shown in Section 2. The electrically 


neutral oxygen vacancy, which would be the 
E' center precursor, is designated as E. 

A. TheE defect in a-SiOj, 

Figure 4 exhibits the single oxygen vacancy 
model proposed for the E-defect in «-Si0 2 . 



Fig. 4 A model for the £-defect in a-quartz. The quartz 
structure is viewed along a threefold axis. The locations 
of threefold screw axes perpendicular to the plane of the 
diagram are indicated by dark triangles. The three 
twofold rotation axes parallel to the plane of the diagram 
form an equilateral triangle. Small spheres represent 
silicons, large spheres oxygens. The oxygen vacancy is 
indicated by a broken circle. Electron occupancy is 
indicated by arrows representing spin states. 

This figure represents the a-Si0 2 structure 
viewed along the three fold optic axis c. It 
is highly schematic. The E-defect, with the 
oxygen far removed from its original lattice 
position, is presumed electrically neutral. This 
involves assignment of electronic states to 
two valence-shell electrons not involved in 
normal bonds (one from each Si-atom adjacent 
to the missing oxygen). 

The electrons are presumed paired, hence 
the structure is diamagnetic (a spin singlet 
state). Because of the existence of ‘long’ and 
‘short’ Si-0 bonds in normal Si0 2 , there is no 
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reason to expect symmetrical distribution of 
the electronic density over both Si-atoms 
adjacent to the missing oxygen. 

To the authors’ knowledge, no direct 
response has been identified as arising from 
the center just proposed. Optical transitions 
from the ground state just described to an 
excited state have not been identified, and the 
only possible triplet state magnetic resonance 
signal[30] has not beeen analyzed in detail. 
The properties of the neutral £ defect in the 
partially covalent system a-Si0 2 , if it is a 
stable center, would be of great interest. 

Of present concern is the structure of 
magnetic E' centers. These are presumed to 
arise as modifications of the neutral E defect 
by trapping of charge carriers (electrons, 
holes, and ionic impurities). Thus, the neutral 
£ defect is presented as the structural pre¬ 
cursor of the several £' centers. Within the 
scope of the present investigation, this 
relationship between the E defect and the 
£' centers is a logical one. 

B. Generation and bleaching of E' magnetic 
centers 

Table 6 contains a summary of experimental 
results on generation and bleaching of £' 
centers in a-Si0 2 . These data clarify the 
identifications made in Section 1. Of primary 
present interest is the effect of X-irradiation 
on quartz[31]. In Ge-free quartz, room 
temperature X-irradiation produces no £' 
centers. Subsequent heat treatment at 600°K 
produces measurable (by EPR) concentra¬ 
tions of [Si(£ 1 )e - ]. This center is bleached 
by heat treatment at 700°K. 

In Ge doped quartz, the situation is con¬ 
siderably more complex [31]. The Si-related 
£,' center is observed just as in Ge-free quartz, 
but the Ge-related £' centers and the 
[Ge(A, C)e~/M + ] centers greatly compli¬ 
cate the magnetic resonance spectra. The 
several Ge-rdated A and C centers are 
produced by X-irradiation. The following 
sequence is observed for Ge-related £’ 
centers. 


i. The [Ge(IV)e - ] center is produced by 
room temperature X-irradiation. The 
[Ge(IV)e~] center is unstable at room 
temperature and bleaches completely if 
specimen is heated to 400°K. There is 
no Si-related analogue to this center, 

ii. The [Ge(£ 2 )<?~/H + ] center is produced 
by room temperature X-irradiation, and 
is bleached if the specimen is heated to 
500°K. The behavior of [Ge(£ 2 )c _ /H + ] 
in X-irradiated quartz is very similar to 
the behavior of [Si(£ 2 )e~/H + ] in y- 
irradiated samples [32], The generation 
and bleaching studies therefore reinforce 
the identification of these centers as 
analogues. 

iii. If X-irradiated Ge-doped quartz is 
heated to 600°K, the EPR spectrum 
exhibits responses from [Si(£i)?“], 
[Ge(II !)<?"], and a ‘hole* resonance not 
of present interest. All other magnetic 
responses are bleached. Both [Si(£,)<?“] 
and [Ge(IlI)e“] are bleached if the 
specimen is heated to 700°K. The 
generation and bleaching studies thus 
enable identification of [Ge(III)f>~] as 
the true analogue to [Si(£,)e~]. 

Except for the E[ type [Ge(IV)e ] center, 
there is a close parallel between Si and Ge 
related £' centers. 

The simplest model consistent with the 
spectroscopic analyses and formation kinetics 
is that the entire class of spectroscopically 
similar Si and Ge related £' centers are 
modifications of the electrically neutral single 
oxygen vacancy £ defect. This picture is 
similar to the first models for £' defects 
proposed by Weeks and Nelson[32]. In Ge- 
free quartz, the room temperature stable 
center appears to be an electrically neutral 
three electron center compensated by an 
interstitial proton. This is the [Si(£ 2 )e , ~/H + ] 
center. The [Ge(E 2 )e - /H + ] center is the 
analogue in Ge-containing quartz. In addition, 
the presence of substitutional Ge at the short 
bond’ terminus of an oxygen vacancy stabi- 
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lizes the [Ge(IV)e - ] center. This center is 
presumed to be an uncompensated three 
electron defect. It is electrically negative and 
unstable at room temperature. No analogue 
to this magnetic structure has been observed 
in Ge-free quartz. 

The [Si(£' 1 )e _ ] and [Ge(IlI)e _ ] centers 
are high temperature quenched-in defects. It 
is possible that these centers represent half 
of a Frenkel defect (the other half being an 
interstitial oxygen). These are the only 
‘electron’ defects (Ag < 0) stable above 
600°K in a-Si0 2 :Ge[31], The spectroscopic 
similarity of [Ge(lll)e~] and [Ge(IV)e“] 
suggests that these centers are quite similar, 
and hence that [Si(£,)c~] and [Ge(lII)e _ ] 
are three electron defects. This suggestion is, 
however, only tentative. Detailed kinetic 
studies are necessary to determine the differ¬ 
ence between [Ge(IlI)e'] and [Ge(IV)e - ]. 
One possible difference is association with a 
secondary defect (for example, the degree of 
separation from an interstitial oxygen). 

The results summarized in Table 7 are thus 
useful in clarifying the spectroscopic measure¬ 
ments. The conclusions derived pertain to the 


ionic and electronic structure of the E' 
centers, and their relation to an electrically 
neutral single oxygen vacancy. The existing 
data are not sufficient to support a model of 
generation and bleaching kinetics more 
detailed than that just outlined. 

As noted in Section 2 on spectroscopy, the 
model of E' centers as modifications of a 
single oxygen vacancy defect does not explain 
the complex Si* 9 hyperfine structure of the 
EPR spectra. Analysis of this structure has 
been critical to the argumentation for previ¬ 
ously proposed divacancy models for E' 
centers [2]. The logic, though convincing, is 
circumstantial. It presumes that Si 29 hyperfine 
energies of order 10 _3 cm' 1 results from the 
interaction of an electron and a Si 29 nucleus 
across an oxygen vacancy and that hyperfine 
energies of order 10~ 4 cm~' result from 
transferred hyperfine interaction across two 
Si-O bonds. This assignment has not been 
justified. 

A final point relevant to the proposal of a 
single vacancy rather than a multiple vacancy 
model for E' centers is the observed effect of 
cation substitution in quartz. It might be 


Table 7. Production and bleaching of magnetic E' centers in a-Si0 2 and 

a SiO»:Ge 


■ Center 

Production 

Bleaching 

[Ge(IV)e 1 

50 kVp X-rays (300°K)" 

Heat to 400°K" 

(unstable at 300°K") 

[Si(£,)e-/H + ] 

Co W! yrays(300°K) k 

Heat above 525°K* 

[Ge(f s )e /H + ] 

50 kVp X-rays (300°K>" 

Heat to SOO^" 

[Si(E,)f ] 

50 k Vp X-rays (300°K) plus 
heat to 600'K" 
Co w ’y-rays(300°K) plus 
heat to 575°K 4 

Heat to 700°K“ 

Heat to 675°K* 

[Ge(lll)e] 

50 kVp X-rays (300°K) plus 
heat to 600° K" 

Heat to 7()0°K" 


The references cited are: 

(a) FE1GL F.J., Dissertation, University of Pittsburgh, unpublished (1965); 

(b) WEEKS R. A. and NELSON C. M.,7. Am. Ceram. Sue. 43, 399 (1960). 

Weeks’ data on high temperature bleaching of [Si(E»)e~] are rather sparse; these measurements 
were incidental to his studies. 
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assumed that odd electron centers associated 
with single vacancies are not stable in covalent 
crystals, and that divacancy centers are the 
simplest structures that form stable magnetic 
electron traps. This assumption appears to 
underlie previous models for E' centers [2]. 
In this event, the presence of substitutional 
impurities might be expected to stabilize 
single vacancy magnetic centers. This situa¬ 
tion is observed in doped elemental Si [33]. 
Such is not observed in a-Si0 2 . The most 
commonly observed defects in Ge-doped 
quartz are the charged and neutral isoelec- 
tronic electron traps (the [Ge(I,II)e~] 
centers[34] and the [Ga(A, C)e _ /M + ] 
centers[5,6], respectively) and the [Ale + ] 
impurity center. The latter is presently identi¬ 
fied as a trapped hole associated with a Si- 
substituted Al in a normal lattice site [35], 
The overall symmetry of the former centers 
is not consistent with single oxygen vacancy 
defects. 

Thus, there is no evidence that Ge or Al 
stabilizes a class of vacancy related defects 
not observed in association with host cations. 
In this circumstance, the observation of E' 
centers associated with Ge impurities is in 
itself support for the single vacancy character 
of £ defects. 

4. CONCLUSION 

X-irradiation of a-Si0 2 :Ge results in the 
production of several vacancy related centers 
of the £' type associated with Si-substituted 
Ge impurities. Analysis of the electronic 
paramagnetic resonance response of these 
centers indicates that the unpaired electron 
occupies a nonbonding orbital strongly local¬ 
ized on the Ge impurity. Comparison of 
spectroscopic data for the several Si and Ge 
related E[ and £ 2 centers indicated that the 
basic electronic structure of all these centers 
is quite similar. A single oxygen vacancy 
model for the entire £' class of centers is 
adequate to explain much of the spectroscopic 
and kinetic data. 

The single oxygen vacancy model represents 


a great simplification of current understanding 
of radiation defects in a-quartz. If subsequent 
calculations and experimental testing verify 
the model, the question of why no magnetic 
states occur in cr-Si0 2 in connection with 
single vacancy defects is eliminated. While 
significantly more complicated that defect 
structures in covalent group IV elements, the 
single vacancy defect in partially covalent 
a-SiOj might be amenable to theoretical attack 
via currently developing techniques[3). 
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APPENDIX: EPR ABSORPTION 
SPECTROSCOPY IN a-SIO* 

The greatest obstacle to acquisition of data on the 
Ge-related £' centers was the complexity of the electron 
paramagnetic resonance absorptions of Ge-doped quartz 
in the spectral region involved (2-0023 » g » 1-9915), 

i.e. approximately 3330-3350 Oersted for a microwave 
frequency of 9350 MHz. The centers designated 
[GeM)e~/M + ], [Ge(C.)e~/M + ] and [Ge(I)e~], previously 
studied in detail by Anderson and Weil [5], Van Wierengen 
and coworkers [6], and Mackey [34], all lie in this region 
and are generally of sufficient intensity to mask the 
absorption lines of present interest. Proper treatment of 
the specimen prior to spectroscopic measurement is thus 
very important in studying the [Ge(IIl)e~] and [Ge(IV)e~J 


centers. ‘Proper treatment' in the present instance means a 
particular sequence of specimen treatments (X-irradiation, 
optical illumination, heating) that will selectively depress 
the intensity of the dominant EPR absorption from 
[Ge(A or C)e"/M + ] and/or selectively enhance the 
absorption of the center being studied. These treatments 
are of interest in themselves, sihce they are central to any 
detailed description of the generation and destruction of 
defect structures and the interactions between such 
structures. However, with respect to spectrometry, they 
constitute recipes for the production of various entities 
(the E' centers in Ge-doped quartz), and it is useful to 
state them here. 

All of the specimens were given irradiation doses of 
4-10 hr with a target to specimen distance of approxi¬ 
mately 5 cm. The tungsten target X-ray tube was run at 
50kVp I5ma and a 0-004 in. beryllium window was 
between target and specimen. These relatively large 
irradiation dosages served to suppress the A and 
C absorption intensities relative to that of the other 
centers [31], The following treatments are specific to a 
given center. 

i. To observe the [Ge(IV)e“] center absorptions, a 
specimen irradiated as just described is illuminated 
with high-intensity ultraviolet light. The [Ge(I V)e~] 
center is stable under such illumination, while the 
A and C centers are bleached. Room temperature 
spectroscopy on [Ge(IV)r“] is complicated by the 
instability of this center (see Table 7). 

ii. Toobservethe fGe(lII)<’"] center absorptions, the 
irradiated specimen was heated slowly (10°/min) to 
600°K, and cooled quickly (50°/min) to room 
temperature. This treatment bleaches the A and C 
centers and enhances the [Ge(IIl)e'j absorption 
intensities. 

iii. Spectrometry of the [Ge(£»)e'/H + ] center was 
performed on a hydrogen-diffused specimen. Re¬ 
placement of the alkali impurity content by H + , via 
electrolytic ion exchange[31, 36], greatly reduced 
the interference from [Ge(/1,C)e~/M + ]. The 
specimen was ‘aged - at room temperature to reduce 
[Ge(IV)e~] absorptions. 

The primary magnetic resonance absorptions from the 
E' type centers being studied ((Ge(lll. IV)e - ]) were of a 
particularly simple sort. A given center exhibits a single 
absorption line whose spectral position (d.c. polarizing 
magnetic field to resonance microwave frequency ratio) 
varies with orientation of the specimen in the polarizing 
field. In a given plane of rotation of the polarizing field, 
the quantity 



exhibits a cos 20 dependence. Thus, at fixed microwave 
frequency v, the polarizing field at resonance, H, varies 
as H~ l a cos 26. 0 is the angle between the polarizing field 
and the position of a resonance field extremum in the 
plane. The lines were narrow (approximately 0-1 Oe, 
which approaches the limits of resolution of the type of 
spectrometer system utilized) and the variation in spectral 
position is within a small range (0-5 per cent, or, at fixed 
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Fig 5 A tracing of the derivative of the microwave absorption spectrum 
vs. magnetic field for [OelK 2 )c7H 4 l center absorptions. The indivi¬ 
dual components of the ten line Ge” hyperfine decad are labelled by 
nuclear spin projection numbers. 


10-06 G»u«s 



g- 1-999 1-998 1-997 1-996 1-995 1-994 1-993 1-992 1-991 

Fig. 6. A tracing of the derivative of the microwave absorption spectrum vs. magnetic 
field for [Ge(IV)e~] center absorptions. The magnetic field axis is labelled in terms of 
g-values at the bottom of the diagram (magnetic field increases to the right). Four Si 28 
hyperfine doublets are indicated at the top of the diagram. 
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spin projection member (M = t,|,... — |). 
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frequency of 9350 Mc/sec, 15 Oe variation about a mean 
value of approximately 3340 Oe). 

There are two factors which complicate these simple 
basic spectra: the symmetry of quartz, and the presence of 
minority isotopes of the several atomic species involved 
which possess nuclear moments, and which thus produce 
hyperfine (and superhyperfine) multipiets. 

The point group of «-Si0 2 is D 3 , consisting of a three¬ 
fold screw axis (the c-axis) and three twofold axes 
perpendicular to c (the a-axes). A given direction associa¬ 
ted with the SiO< bonding tetrahedron of quartz will be 
reproduced at six different spatial orientations in the 
quartz lattice structure. Thus, a given type of magnetic 
defect will exhibit six absorption lines for a general 
orientation of the polarizing field with respect to the 
crystal axes. Each absorption arises from one of the 
symmetry-related orientations of the SiO, bonding 
tetrahedron. 

While complicating the basic spectra, the multiplication 
of spectral lines produced by the quartz symmetry simpli¬ 
fied the experimental determination of the orientation 
dependence. A complete analysis in terms of the standard 
spin Hamiltonian formulation requires, in general, a 
determination of the spectral positions in three different 
planes (with respect to the crystal axes)[37], In quartz, 
observation of the orientation dependence with the field 


maintained in a fixed plane with respect to the crystal 
axes will in general give information relative to six 
distinct planes of rotation of the field relative to the SiO« 
bonding tetrahedron. 

This procedure provides more than sufficient informa¬ 
tion, and hence the experimental and mathematical task 
can be further simplified by a judicious choice of crystal 
orientation. The symmetry group relevant to EPR is 
actually the Laue group of a-Si0 2 , D M . This group 
possesses three so-called 'mirror planes', i.e. planes of 
reflection symmetry, containing the c-axis and a b-axis 
(the b or mechanical axis of quartz is perpendicular to the 
a and c axes already defined, as illustrated in Fig. 1). If 
the polarizing magnetic field is at some arbitrary orienta¬ 
tion in a mirror plane, a magnetic defect will in general 
exhibit three absorption lines, each line arising from 
defects associated with bonding tetrahedra which are 
related by reflection in the mirror plane. Thus, observa¬ 
tion of the spectral behavior of the resonant absorptions 
with the polarizing field restricted to a mirror plane will 
yield information on the orientation dependence in three 
distinct planes. This is sufficient for complete specification 
of the y-tensor ellipsoid. 

The least complex spectra are observed with the 
polarizing field parallel to the crystal (-axis (0001 ]. For 
this orientation, all symmetry related directions in the 
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Fig. 8. A tracing of the derivative of the microwave absorption spectrum vs. magnetic field for 
[Ge(£j)e H + ], center absorptions. The magnetic field axis is labelled in terms of g-values at the 
bottom of the diagram (magnetic field increases to the right). The proton doublet is indicated at the 

top of the diagram. 
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crystal are equivalent (that is, they all form the same 
angle with the polarizing field). These so called ‘c-axis 
spectra' also contain the strongest spectral absorptions, 
and spectroscopic data for the c-axis orientation (H Dt 
parallel to [0001]) are presented in Tables 1-4 for 
reference. 

The second complicating factor is the existence of 
hyperfine multiplets arising from magnetic nuclear 
species in the defect environment. The isotopes relevant 
to the present situation are those associated with the 
quartz lattice (Si**—4-7 per cent abundant with spin 1) and 
the impurity of interest (Ge 73 —7 per cent abundant with 
spin |). The Si 2 * nuclei produce a hyperfine doublet 
each component of which should occur with an 
intensity relative to the primary absorptions of 2-35/95-3 = 
2-51 percent. The Ge 73 nuclei produce a hyperfine decade. 
In the simplest instance, these lines would appear as ten 
equally spaced, equal intensity absorptions centered on the 
primary absorption. Each component of the Oe 73 multi¬ 
ple would have an intensity of 0-7 per cent of the primary 
absorption. Because of the magnitude of the Ge™ hyper¬ 
fine interaction, the hyperfine decad is actually character¬ 
ized by uneven spacing, unequal intensities, and a shifted 
center of mass relative to the primary absorption. A Ge 73 
hyperfine spectrum is illustrated in Fig. 5. 

Figure 6 exhibits a e-axis EPR spectrum from 
[Ge(IV)e~] centers in quartz. Figure 7 exhibits the 
angular variation of relevant experimental parameters for 
the [Ge(IV)r ] centers. The analysis of these data 
resulted in Table I entriesfor|Ge(IV)e“|. 

The analysis of Ge 73 hyperfine data was performed 
using a modification of Bleaney's perturbation theory 
treatment [38]. Because of the magnitude of the Ge 73 
splittings, the perturbation theory results are not sufficient 
to reproduce experimental line positions to high accuracy. 
However, within the accuracy of our measurements 
(1 per cent), the Bleaney results are adequate. The 
hyperfine constants presented in Table 1 are sufficiently 
accurate to make the analysis of Table 5 reasonable. The 
experimental data was fit to all ten members of the Ge 73 


hyperfine decads. The hyperfine constants quoted in 
Table 5 for [Ge(III)e~] were obtained by assuming that 
the Ge™ hyperfine tensor was axially symmetric and 
co-axial with the g-tensor. This assumption is quite 
reasonable [26], The number of spin Hamiltonian para¬ 
meters is thus reduced to two (A, and A L of Section 2C). 
These are determined by the observed hyperfine splittings 
and the shift of the center of mass of the hyperfine decad 
for the c-axis orientation. However, it must be pointed 
out that, unlike the [Ge(lV)e~] data, the symmetry of 
the main hyperfine interaction for [Ge(lll)e~] could not 
be verified experimentally. 

The absence of large second order splittings of the Ge™ 
hyperfine lines is a direct confirmation of the spin t 
character of the electronic state [38]. 

The very weak (1 Ops: 10 _4 cm“') Si 2 * hyperfine 
doublets (Fig. 6) have not been measured in sufficient 
detail to permit analysis. The splittings observed at 
several orientations are of the same magnitude as the 
direct nuclear Zeeman interaction. Thus, the number of 
Si 2 * nuclei producing this hyperfine structure is not 
unambiguously determined[29], 

For [Ge(£j)e“/H + ], the general features of the EPR 
spectra are similar to that just described. The outstanding 
difference is the doublet character of the primary response. 
This is illustrated in Fig. 8 for a c-axis orientation. Fig. 9 
exhibits the angular variation of the g-tensor (mean 
position) and experimental hyperfine constant (doublet 
separation) in the mirror plane. The existence of the 
doublet structure and the vanishing of the doublet splitting 
at angular positions separated by less than 90° indicate 
the presence of a 100 per cent abundant spin 4 nucleus 
with direct Zeeman interaction much greater than the 
observed doublet splittings. The only two such isotopes 
are H' and F’“. Specimen analyses do not reveal signifi¬ 
cant F 1 * impurity concentrations in the specimens used. 
Furthermore, [Ge(£ 2 )p"/H 4 ] concentrations are en¬ 
hanced by replacement of alkali impurities by H + via 
electrolytic ion exchange|31,36]. The doublet hyperfine 
structure is thus assigned to an interstitial proton. 
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Abstract — Barrier energies and I-V curves of several contact metals on n-type GaS are studied. The 
dependence of barrier energy on the work function of the metal can be interpreted by means of 
chemical interaction with the GaS. 


INTRODUCTION 

The investigation of electrical transport 
properties of the high ohmic (10 s -10" fl cm) 
semiconductors GaS and GaSe is hampered 
because of difficulties in controlling the con¬ 
tact properties. Contacts used in literature 
on GaS and GaSe are: indium contacts on 
GaS and GaSe, checked for ohmic behaviour 
[ 1 ]; evaporated Au on GaSe and GaTe[3], 
(4]; soldered Cu on GaSe[5] and alloyed 
In-Hg contacts on GaS[6], Recently, Kurtin 
and Mead [7] have studied the properties of 
surface barriers on p-type GaSe by a photo¬ 
response method. 

We determined the barrier energies of the 
contacts on n-type GaS by measuring the 
photoresponse in a backwall technique. In 
addition, current-voltage (I-V) curves of the 
contacts were obtained by means of voltage 
probes (in darkness). All the measurements 
were carried out at room temperature. To 
avoid differences in bulk properties of the 
crystals we took them all from one ampulla 
(the GaS platelets have been grown by 
vapour transport [8]). 

Together with the metal contacts to be 
investigated gold contacts were evaporated 
without breaking the vacuum, thus having 
a reference on each sample. 


* Present address: Philips Gloeilampenfabrieken 
Eindhoven, Netherlands. 


We found that in our case on GaS as well 
as in that of Kurtin and Mead on GaSe the 
relation between the barrier energies and the 
metal work functions shows a dependence 
on whether the heat of formation of the con¬ 
sidered metal-sulphur (selenium) compound 
is greater or smaller than that of gallium 
sulphide (selenide). 

SAMPLE PREPARATION 

Without any surface treatments the cry¬ 
stals, thin platelets, were mounted in a mask 
on a small furnace in a high vacuum plant. The 
evaporation of the contact material occurred 
from Mo and W boats in a vacuum better 
than 10 -R Torr, argon atmosphere. During 
the first moments of evaporation a shutter 
was used to intercept surface impurities from 
the metal. Because of the better sticking on 
the surface of the sample, its temperature was 
raised to 300°C during evaporation. We also 
evaporated on cold (30°C) samples for 
purposes of comparison. 

For the contact configuration see inset 
in Fig. 1. 

EXPERIMENTS 

The high resistances of the samples 
neccessitated the use of electrometers for 
the voltage and the current measurements 
(Keithley 610B and 417 respectively). The 
light source was a quartz halogen lamp 
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Fig. 1. Current-voltage curves of several contacts on n- 
type GaS; forward scales are expanded five times. 
Inset: configuration of the contacts on each sample, 
including gold as the reference. Subscripts: c. 'cold'; and 
h. 'hot'. 

combined with narrowband interference 
filter (Balzers B20). Intensity was calibrated 
with a Si-photodiode (Siemens BPY11) in a 
short circuit arrangement. 

n-Type GaS 

The I-V curves of the main contacts are 
presented in Fig. 1. The strong blocking 
contacts as Au, Ag and Cu constantly showed 
fluctuations and also current creep during 
several hours after the reverse voltage was 
applied. 

Figure 1 shows that the temperature during 
the evaporation of the contacts is very 
important for their behaviour. Especially the 
reverse currents of the base metals Al. Mg 
and Sb appear to be different for ‘hot’ and 
‘cold’ evaporated contacts, while the same 
curves were measured for Au contacts. A 
nearly ohmic I-V curve is obtained in the 
case of ‘hot’ evaporated Sb contacts. 

Barrier energies were measured by the 


photoresponse method [9]. At a constant 
number of incident photons the curves of 
the square root of the photocurrents vs. 
photon energy are straight lines. The intercept 
of the /zp-axis corresponds to the barrier 
energy <f> B i.e. the energy difference between 
the Fermi level and the GaS conduction band 
at the interface. 

Owing to the fact that the main contacts 
were of the same material, the photocurrents 
opposed each other. Therefore a voltage was 
applied across the sample so that the reverse 
contact determined the photocurrent. By 
switching the polarity the barrier energy of 
the other contact was achieved. The dark- 
current consequent upon this voltage was 
compensated. At the end of our experiments 
we measured a Ag contact in combination 
with an ohmic contact (Sb) with and without 
the voltage applied. In both cases we found 
the same barrier energy, therefore we conclude 
that barrier lowering due to image force is of 
no importance. 

In Fig. 2 we have plotted the barrier energies 


4 contact 

barrier energy 

I—i-'-1---r 



Fig. 2. Barrier energies of contacts on n -GaS andp-GaSe 
vs. work functions of the contact metals; the work func¬ 
tion of tungsten is also indicated. Subscripts: c, ‘cold'; 
and h. 'hot'. 
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on rt-GaS vs. the work functions of the 
metals <£ m [10J, together with the barrier 
energies on p-GaSe, measured by Kurtin 
and Mead. 

p -Type GaS 

Preliminary measurements of ‘hot’ contacts 
on p -GaS indicated a behaviour opposite to 
that of the n-type samples. 

Nearly linear I-V curves showed Au, 
Ag and Cu contacts. The voltage drop across 
each of the contacts is less than a few per 
cent of the applied voltage. Sb contacts 
showed a blocking non-linear I-V curve. 

DISCUSSION 

The crystals had been grown as thin plate¬ 
lets, about 10 pm in thickness and had a 
perfectly clean surface. WJien they were 
exposed to air only a very small amount of 
impurities adhered because of the presence 
of a Van der Waals bond on the surface. 

Apart from this, cleaving of the samples 
prior to deposition is not recommended, 
because of the large number of surface states 
that will arise. This statement is supported 
by the investigations of Turner and Roderick 
on metal-silicon Schottky barriers[ll] and 
the electron microscope pictures of cleaved 
GaS and GaSe samples published by Basinski 
etal.[ 12] ■ 

Therefore, the surfaces of our samples 
were neither etched nor cleaved prior to 
deposition of the contact metal. 

Comparison of the curves of the gold re¬ 
ference contacts did not indicate the presence 
of surface leakage. 

Some remarks should be made about the 
I-V curves in Fig. 1. The forward curves 
have been influenced by the ohmic voltage 
drop of the bulk between main contact and 
voltage probe. 

As to the reverse direction we tried to find 
out if the current increase might be caused 
by tunnelling through the barrier. Especially 
Sb h shows a nearly ohmic behaviour, in 
contrast with Sb c which was evaporated on 


the same surface of the sample without break¬ 
ing the vacuum. According to Zalm[13] the 
log I vs. V -1 '* curve will be linear for high 
voltages if tunnelling is the main transport 
mechanism. So we plotted the reverse currents 
for several contact metals in Fig. 3 and came 
to the conclusion that tunnelling is likely. 



Fig. 3. Reverse current vs. voltage -1 ' 2 curves of several 
contacts on n-type GaS to show tunnelling according to 
Zalm[13], Subscripts: c. ‘cold’: and h, ‘hot’. 

ft was impossible to determine the satura¬ 
tion owing to the rapid onset of the tunnelling. 

The main contacts on each sample proved 
to have the same barrier energies; moreover, 
the barrier energies of all reference contacts 
(gold) were equal. This indicated that if there 
are any differences in surface conditions, they 
do not influence the barrier height and so we 
may compare the results obtained on several 
samples. 

Considering the curves of Fig. 2 there are 
three remarkable points: 

there is a sharp kink in both the GaS and 

GaSe curve; 

the barrier energies of ‘hot’ contacts of the 
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base metals on GaS are as good as fixed at 

the Ga value; 

the slopes of the curves of p-GaSe and 

«-GaS are equal in the same intervals of <p m . 

We will explain these points considering the 
chemical interaction of the contact metal and 
the sulphur (selenium) atoms in the GaS 
(GaSe) lattice. 

Comparing the heats of formation [14] of 
GaS (GaSe) and the sulphide (selenide) 
compounds of the contact metals we find three 
regions of reactivity: 

1. Au, Ag, Cu, Pt and Pd will not react 
with the S or Se because of the much 
lower heats of formation of these com¬ 
pounds compared with GaS or GaSe. 

2. Sn and Sb may react; the heats of forma¬ 
tion have about the same values as GaS 
or GaSe. 

3. Al, In, Mg, Ca, Li and Cs will react with 
the S or Se and consequently leave 
behind a very thin layer of Ga at the 
interface. 

The thin Ga layer will change the effective 
work function of the contact metal. When, 
in the 'hot' case, more Ga is formed by the 
reaction, the barrier energy is equal to that of 
the Ga contacts. 

The crystal surfaces of GaS and GaSe are 
equal, viz. a closed packed layer S (or Se) and 
a Van der Waals bond to the next S (or Se). 
Moreover, the chemical nature of S and Se is 
nearly the same; so equal slopes may be 
expected. 

The slope of right hand parts of the curves 
in Fig. 2 is 0-8 both for GaS and for GaSe. 
In terms of uniform density of surface states 


according to Cowley and Sze[15] this means 
2 x 10 12 states (eV -1 cm -2 ), while Kurtin and 
Mead have calculated 7 x 10 12 . It should be 
pointed out, however, that the latter plotted 
the barrier energy vs. the electronegativity 
of the metal (Pauling units). 

A remark should be made on the deviating 
points in Pt and Pd in Fig. 2. Because Pt and 
Pd are difficult to evaporate, we suppose that 
a small amount of the tungsten filament is 
evaporated too, thus lowering the work 
functions of the Pt and Pd contacts. 
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Abstract —The major advantages of activation analysis over almost all other analytical techniques 
are the avoidance of errors due to impurities in the chemical reagents employed in the procedure and 
high sensitivity in the determination of selective trace elements. A nondestructive investigation was 
made of six doped gallium arsenide crystals (Cr, O, Si, Ge) grown by the Bridgman. Czochralski and 
eutectic epitaxy techniques. The detection in the parts per billion to parts per million range and identi¬ 
fication of radioisotopes of impurity elements having relatively short Ir,, 2 * 0-5 day) and moderately 
long (/„,> 2 — 250 days) half-lives was considered. The specific resistivity range from 0 003 to 
I0*fl cm was studied No direct correlation was established between resistivity and spectrum inten¬ 
sity except for one heavily Si-doped crystal. All gallium arsenide crystals contained silicon at levels of 
4-3 x 10 18 —4-7 x I0 ,7 atoms/cm’. Other impurities detected were indium, gold, germanium and zinc at 
concentrations < 3x 10 ie atoms/cm 3 : none of these were consistent contaminants. Phosphorus and 
indium were identified in a Ge-epitaxy layer on a Si-doped GaAs substrate. Semi-insulating C r-doped 
gallium arsenide cyrstals were analyzed for chromium and found to contain 9-8 x IO'M-59x it) 1 " 
Cr/cnv'. The chromium activation analysis results do not appear to bear any relationship with the con¬ 
centrations derived from the electrical measurements and suggest the existence of an inhomogeneous 
second phase. Improvements in the instrumental technique are discussed which can lead to the deter¬ 
mination of additional elements for trace characterization of bulk and solution grown gallium arsenide. 


INTRODUCTION 

It is important to check the purity of bulk 
semiconductor crystals for the following 
reasons: (1) device advances are based on the 
ability to produce, measure, and control 
highly pure materials and the knowledge of 
the trace elements present is important in 
explaining their role in electronic processes; 
(2) commonly employed crystal growth con¬ 
ditions can lead to impurity incorporation and 
distribution of a rather complex nature. Trace 
element studies of impurities in gallium arsen- 
ide[l,2.3] indicate that many elements are 
present below 10 ltl atoms/cm 3 (i.e. Ca. Cu. 
Mg. Al, Ni, Fe. K, S). The mass spectrometric 
work of Brice et al.[l ] shows carbon, oxygen 
and nitrogen as the only consistently high con¬ 
centration impurities in gallium arsenide. 
They report small amounts of many elements 
in both Bridgman and pulled crystals. A bulk 
concentration > 10 1K cm~ 3 oxygen in gallium 
arsenide is reported by Bailey and Ross [4] 


using the 16 0(T,n)' 8 F reaction. Ahearn et al. 
[3] detected sixteen elements in their mass 
spectrographic analysis of zone and Bridgman 
grown gallium arsenide. They concluded that 
surface absorption of impurities from various 
pretreatments accounted for most of their 
observations. Kern [5] grew gallium arsenide 
crystals by the horizontal Bridgman technique 
in neutron activated quartz boats. The im¬ 
purities transferred to the gallium arsenide 
from the quartz were silicon, copper, gallium, 
antimony and gold at =s 10'® atoms/cm 3 . A 
neutron activation study by Bujdoso et al.[ 6] 
of Bridgman grown gallium arsenide showed 
impurity concentration gradients along the 
length of the ingot for silver, cobalt, iron, 
indium and zinc. Green et al.[ 7] determined the 
short-lived isotopes of silicon, zinc and mag¬ 
nesium in gallium arsenide at concentrations 
of 10“ 8 -10 -7 g using neutron activation analysis 
and radiochemical separations. They estab¬ 
lished also that the thermal neutron flux density 
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(4x I0' 1 neutrons/cm'Vsec) was not modified 
by the gallium arsenide matrix during an 
irradiation. 

The objective of this work was the deter¬ 
mination of the chromium concentration of 
Cr-doped gallium arsenide crystals and also 
to compare the purity of different as-grown 
samples by instrumental neutron activation 
analysis. Gallium arsenide synthesized by the 
horizontal Bridgman. Czochralski, and eutec¬ 
tic epitaxy[8] techniques was analyzed. The 
elements present were identified after irradia¬ 
tion without chemical separations from the 
energy of the beta and gamma radiations 
emitted and half-life measurements. 

The fundamental principles and general 
techniques of activation analysis have been 
extensively described in the literature [9], 
Activation analysis using neutrons as the 
irradiating media, has been widely used in 
analyzing for trace impurities in solids [10]. 
Neutron activation analysis is capable of giv¬ 
ing the required sensitivity for many elements 
and has been used to determine impurity 
characterization in germanium! 11], silicon 
[12] and gallium arsenide [13] in the parts per 
million or parts per billion range. Other fea¬ 
tures tending to make the technique attractive 
are: (1) elimination of reagent characterization 
common to many other analytical techniques. 
(2) most sample handling can be done after 
the activation step minimizing contamination 
problems and (3) lack of interference from 
neighboring elements since the decay proper¬ 
ties of radioactive isotopes are unrelated to 
their chemical properties. Gallium and indium, 
for example, are related on the basis of simi¬ 
lar chemical properties but have dissimilar 
radioactive properties. 

The use of post-growth activation analysis 
for the III-V compounds can require laborious 
procedures for the simultaneous determination 
of several elements in the sample. The matrix 
elements themselves contain readily activated 
elements yielding complicated gamma-ray 
spectra because of the production of several 
radioactive isotopes each of which has a num¬ 


ber of gamma-ray energies in its characteristic 
spectrum. In order to sort out and identify the 
component gamma-ray lines, it is necessary 
either to employ elaborate and time consum¬ 
ing chemical separations or to resort to in¬ 
direct methods such as the synthetic analysis 
of the spectrum with the use of matrix stan¬ 
dards and spectrum standard curves. The 
latter approach of post-spectrometer data 
analysis to separate gamma and/or beta-ray 
energies was used here. 

EXPERIMENTAL 

A. Activation 

Thermal-neutron (slow neutron) activation 
is very pertinent to the preparation of radio- 
tracers because stable isotopes of many ele¬ 
ments have an (n,y) reaction that produce a 
radioisotope of the same element. Fast neu¬ 
trons with energies higher than thermal are 
normally present in nuclear reactors and the 
reactions («,/>), (n,a) and (n,2n) can also 
occur. Table 1 details the nuclides that might 
be present when gallium arsenide is bom¬ 
barded with thermal and fast neutrons along 
with the characteristics of the radionuclides. 
The activity produced when one milligram of 
each element is irradiated by a flux of ther¬ 
mal and fast neutrons for 12 hr also is included 
in T able 1, column 6. 

The properties of the gallium arsenide 
samples used in this study are listed in Table 
2. The crystals were randomly selected to pro¬ 
vide variety as to growth method (Bridgman, 
Czochralski and solution), dopant (Cr, O, Ge, 
and Si), and resistivity (0’003-ITOcm). They 
were prepared for activation in the following 
way in order to minimize preactivation con¬ 
tamination of materials which might lead to 
significant errors in the results. The sur¬ 
face of a 50-100 mg weight sample of each 
gallium arsenide crystal was lapped on #600 
Aloxite paper, etched twice in 5% bromine in 
methanol, rinsed in methanol, lapped with a 
slurry of alumina powder in water followed by 
two final etches in bromine and alcohol, rinsed 
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Table 1. GaAs nuclear data 


Nuclear 

reaction 

Half- 

life 9 


Type of 
decay 9 
and 

m^jor radiation 
energy (MeV) 

Depay product 
(stable) 

Activation 
cross section 
(bams) r > 

Specific 
activity after 
irradiation 11 
(dis/sec/mg) 

Matrix 







fiB Ga(n,y) 70 Ga 

20 m 

P' 

1-65 

Ge 

1-4* 

1 85 x 10* 



y 

0-17 




7l Ga(n,-y) 72 Ga 

141 h 

pr 

0-96 

Ge 

5-0 9 

1-52 x 10" 



y 

0-63,0-84 




™Ga(n,2n) 99 Ga 

68 m 

P* 

1 90 

Zn 

0-55 7 

2-8 x I0 4 



y 

0-81-1 -88 




9 “Ga(n,p) 99 Zn 

14 h 

IT 

0-44 

Ga 

0 024' 

1-1 x 10 2 

71 Ga(n.p) 71 Zn 

3-9h 

r 

1-5 

Ga 

0-0005" 

2-6 X 10‘ 



y 

0-39,0-49,0-61 




6 “Ga(n/»)»“Cu 

5-1 m 

P~ 

2-63 

Zn 

0-105' 

4-0 X 10 s 



y 

0-83,1-04 




7I Ga(n/ t ) 9 "Cu 

30s 

P~ 

3-5 

Zn 

— 

_ 



y 

0-81-1-88 




' 3 As(n,-y) 79 As 

26-5 h 

P~ 

2-97 

Sc 

4-5'’ 

2 0 x 10 s 



y 

0-56-2-7 




75 As(n,2n) 7, As 

18 d 

P* 

0-90 

Ge 

0-55' 

2 8 XI0' 



p- 

1-36 

Se 





y 

0-60,0-64-2-53 




75 As(n,p) 75 Ge 

82 m 

p- 

1-20 

As 

0-118' 

5 0 x 10’ 



y 

0-07-63 




75 As(n,a) 72 Ga 

14-1 h 

p- 

0-96 

Ge 

0-123' 

5-2 x 10 1 



y 

0-63,0-84 






y 

0-56-2-7 


— 

— 

Impurities 







'"Auln.-yl'^Au 

2-7 d 

P 

1-37 

Hg 

98-8 1 ' 

5-7 x 10 12 



y 

0-41 




“Cr(n,y) 51 Cr 

27-8 d 

y 

0-32 

Mn 

17' 

2-8 x I0 7 

70 Ge(n,y) 7l Ge 

11 4 d 

EC 


As 

3-2 r 

4 6 X 10 7 

Ma In(n,y) ,14 In 

50-1 d 

IT 


Sn 

8*' 

2-5 x 10 7 



y 

0-19 




3, P(n.y) :,2 P 

14-3 d 

P 

171 

s 

0-19*' 

2 3 x 10’ 

:w Si(n,y ) J, Si 

2-7 h 

p- 

1-47 

p 

0-4' 

1-85 X 10* 

<M Zn(n,-y)“ !1 Zn 

245 d 

EC 


Ga 

0-46-' 

8-1 X 10 s 



y 

III 





"s, seconds; m, minutes; h, hours; d, days. 

'’[}*, positron emission; f}~, negatron emission;-)', photon, IT, internal-conversion electron; EC, electron capture. 
‘‘One barn equals I0~ 21 cm 2 . 

''Activity in dis/sec/mg of the element, assuming natural abundance ratios for the isotopes, immediately after 12 
hr irradiation at thermal neutron flux of 2-5 x 10 u neutrons/cm 2 /sec and fast neutron flux of 2 x 10 10 neutrons/cm 2 / 
sec. (The ratio of thermal to fast neutron flux depends upon the position of target material in the core. Union 
Carbide, Tuxedo, New York, Private communication). 

''GOLDMAN D. T., Chari of the Nuclides. General Electric Co. Schenectady. New York (1964. 1965). 

9PAUL E. B. and CLARKE R. L., Can.J. Phys. 31, 267 (1953); COHEN B. L„ Phys. Rev. 81, 184(1951). 
"CHATTERJEE A„ Nucleonics 23, 112 (1965). 


in methanol and blot dried on filter paper. 
Each specimen was cleaved and ~ 20 mg 
weight sample sealed in an evacuated quartz 
ampoule (10 _4 Torr). Samples to serve as 


comparative standards were prepared by 
sealing separately in quartz weighed quantities 
of arsenic oxide, chromium, copper, gallium 
oxide, germanium and silicon. To minimize 
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Table 2. Properties of GaAs crystals 


Crystal 

Dopant 

Type 

Reported carrier 
concentration (cm' 3 ) 25°C 

Reported 

resistivity (0 cm) 25°C 

BH-465" 

Cr 

Semi-insulating 

- 

3x 10* 

BH-J48" 

Cr 

Semi-insulating 

- 

5 x 10 7 

HB-G1I85" 

O 

Semi-insulating 

- 

6x I0 7 

HB-GI05l i ’ 

IJndoped 

N 

7-6 x 10 15 

0-23 

C2-547" 

Si 

N 

7 Ox 10' 7 

0 003 

7 A' 

Gc 

P 

11 X 10 ,a 

0 006 


"Czochralski grown crystal. 
''Horizontal Bridgman crystal. 
r Eutectic epitaxy[81. 


random flux distributions, the gallium arsenide 
crystals and standard elements were irradiated 
for 12 hr in the same core position of the 
Union Carbide reactor facility at Tuxedo, 
New York at a flux of 2-5 X 10 n neutrons/cm 2 / 
sec. 

B. Detection 

1, Beta spectrometry. The induced activity 
produced was measured by means of gas-flow 
counting and scintillation detection. Propor¬ 
tional gas-flow counting provides high sensiti¬ 
vity for beta radioactivity measurements and 
minimizes interfering gamma radiation from 
activated impurities. The counting rates were 
corrected according to standard radiochemi¬ 
cal techniques. The counts per minute per 
milligram of gallium arsenide were plotted 
semilogarithmically as a function of time. 
Graphical resolution of the decay curves into 
the components made it possible to determine 
half-lives. The maximum beta energy of the 
resolved components was determined by 
absorption measurements with aluminum and 
lead absorbers. These parameters aided in the 
identification of beta-radiation emitting nu¬ 
clides like silicon and germanium. The concen¬ 
tration and rate of decay of silicon in the 
gallium arsenide crystals was determined by 
the comparator procedure described below. 
The analysis was started as soon as the 
samples were received from the irradiation 
facility. 

Silicon-31 (f, /2 2-7hr) is the only silicon 


radioisotope to be considered, as it decays 
mostly by the emission of beta particles (T47 
MeV) which can be measured by proportional 
gas-flow counting. Comparator standards con¬ 
taining the same weight of gallium and arsenic 
as in the test samples were counted under 
identical conditions to those used for the 
gallium arsenide crystals. The activities of 
simulated gallium, arsenic and silicon com¬ 
parator standards with silicon concentrations 
from 10~ 9 to 10 -5 g were used for the calcula¬ 
tion of the silicon content of the gallium 
arsenide crystals. Each gallium arsenide 
sample and standard was measured every 45 
min for 12 hr to establish the decay rate. 

Table 3 lists the appropriate beta emissions 
from the three elements[14]. It is obvious that 
the matrix interferes with the silicon deter¬ 
mination since both gallium and arsenic have 


Table 3. /3 -Ray energy distribution 


Isotope 

Type of decay 

Particle energy (MeV) 
and distribution 

Arsenic-76 


0-30- 1-9% 

0-55- 0-9% 

1-20- 6-6% 

1- 75- 3-6% 

2- 41-30-6% 
2-97-56-4% 

Gallium-72 

r 

0-67-41% 

0-96-35% 

151- 7% 

1- 94- 7% 

2- 53- 5% 

3- 17- 5% 

Silicon-31 

r 

1-47-100% 
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beta emissions >1-47 MeV. The activity 
observed by the selective use of aluminum 
absorbers of known thickness and stopping 
power minimized this difficulty. Table 4 lists 


tion was directed at detecting the 7lm Zn 
interference-reaction product by a spectrum 
scan of pure gallium. Failure to detect gamma- 
ray peaks at 0-39, 0-49 find 0-61 MeV in the 


Table 4. (5-Ray absorption 


Aluminum 

absorber 

Range in Al 

Thickness (mm) Mg cm -! 

Stopping power 
energy (MeV) 

15 

1-85 

495 

1-2 

16 

211 

560 

1-3 

17 

2-39 

625 

1-4 

16 

2-67 

701 

1-5 

19 

3-30 

861 

I-8 

20 

3-73 

961 

20 


the aluminum absorbers used along with their 
stopping power in MeV. The activity of the 
standard containing gallium and arsenic only 
was compared with standards containing 
known amounts of gallium, arsenic and silicon. 
The Si-Ga, As standards exhibited two com¬ 
ponent decay for absorbers in the energy 
range from 1-2 to 2 0 MeV. A typical absorp¬ 
tion-decay curve for absorption at 1 -4 and 2 0 
MeV for one GaAs crystal (HB-1051) is 
shown in Fig. 1. The faster decaying compo¬ 
nent with a measured 3-3 hr half-life was 
attributed to 31 Si. Gallium (14-1 hr) and 
arsenic (26-5 hr) were the major contributors 
in the composite slower decaying component 
during the initial 12 hr devoted to the silicon 
analysis. Each short-lived component became 
less significant as time passed. Longer-lived 
activities from impurities like germanium 
(11 days) and phosphorus (14-3 days) pre¬ 
dominated in the residual curves of some 
crystals. 

The possibility that the observed half-life 
(3-3 hr) and beta energy (1-5 MeV) might be 
assigned to 71m Zn from the fast neutron {n,p) 
reaction on 71 Ga instead of to 31 Si was dis¬ 
credited on the following basis. The smaller 
cross section and lower flux density for the Zn 
reaction results in a lower specific activity 
(Table 1, column 6) even when consideration 
is given to the larger number of matrix atoms 
compared to silicon as an impurity. Considera- 


appropriate peak intensity ratios with an ~ 4 
hr half-life indicated 7l Zn was not present 
at a measureable concentration. 

2. Gamma spectrometry. The scintillator 
for gamma detection was a well-type 3 in. 



Fig. I. Beta-ray decay curve for undoped GaAs crystal 
HB 1051: (A) composite decay curve /3-ray absorption in 
aluminum, 625 mg A1 cm -2 =» I-4 MeV; (O) longer-lived 
component /3-ray absorption in aluminum 961 mg A1 cm** 
=» 2-0 MeV (composed mostly of 79 As); (□) shorter-lived 
component, t ln = 3-3 hr =* 2-3 x 10~“g Si. 
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thallium-activated sodium iodide crystal. The 
counting geometry was varied to accommo¬ 
date samples too radioactive to count in the 
standard well-position. Initially the samples 
were counted with a polystyrene cap (0-7 g/ 
cm*) covering the Nal detector because of the 
beta-ray continuum from the matrix elements. 
Spectra was plotted from a print-out in terms 
of counting rate per minute as a function of 
channel number and gamma-ray energy as 
transmitted from a multi-channel differential 
pulse-height analyzer. Energy calibration of 
the spectrometer was made with gamma rays 


if the activities of standards and samples 
differ by a large factor. 

RESULTS AND DISCUSSION 
Figure 2 shows the half-life and calculated 
detector sensitivity in micrograms of a number 
of elements irradiated at a flux of 2-5 x 10 13 
neutrons/cm 2 /sec for 12 hr. Oxygen, nitrogen, 
hydrogen and carbon have been deleted from 
the scheme of elements on Fig. 2. These par¬ 
ticular elements are insensitive to the (n,-y) 
nuclear reaction considered here. Therefore, 
their presence as possible impurities in gallium 
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U-B m > >8 m ^-8 d 2-6 h 
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Fig. 2. Detection sensitivity for elements irradiated with 2-5 x 10 ,:l neutrons/cm 5 -sec for 12 hr. Those shown 
in open boxes are readily detected by activation analysts. Elements in quarter filled corner squares are detect¬ 
able only if present in the higher concentrations indicated. Some are not detected and are so indicated by 
comer hatches. The detection sensitivity could be increased by longer irradiation times or higher fluxes. 

Conversely they will be halved for each half-life delay. 


from suitable radioactive reference sources. 
Each channel is equal to approximately 0-01 
MeV when the energy scale is I MeV. 

Radioactive standards used in the gallium 
arsenide investigation were prepared by dis¬ 
solving the activated elements in appropriate 
solvents and making up to known volumes. 
The spectra, decay scheme and energy charac¬ 
teristics of aliquots of these primary standards 
at counting rates similar to the unknowns were 
observed. This last consideration is important 
because there will likely be some count-rate 
dependent gain or zero shifts between spectra 


arsenide was not evaluated. The detection 
sensitivities listed on Fig. 2 will be halved for 
each half-life delay. The activated gallium 
arsenide crystals were allowed to decay for 
24 hr after removal from the reactor before 
the radioanalysis was undertaken. In this way, 
the high radiation levels of the short-lived 72 Ga 
(141 hr) and 76 As(26-5 hr) nuclides were de¬ 
creased somewhat as was the sensitivity of 
detecting the presence of other fast decaying 
impurities. The radioactive decay measure¬ 
ments and spectrum scanning were continued 
for 130 days following neutron bombardment. 
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The silicon analysis was an exception to this 
procedure. The beta (max. l-47MeV) decay 
measurements of 31 Si were started immediately 
and terminated in 12 hr. 

Since each radioactive isotope in the sample 
has a different half-life and a characteristic set 
of gamma energies, the graph presented by the 
differential analyzer is really the sum of all the 
elements in the sample. Typical spectra from a 
chromium-doped gallium arsenide crystal 
taken 72 hr and 24 days after bombardment 
are shown in Figs. 3 and 4 respectively. Some 
peaks can be readily associated with certain 
elements, others are composites and more 
difficult to unravel. The practive of spectrum 
stripping was employed, using the primary 
standard solutions, the pulses due to known 
elements are subtracted from the sum graph. 
The resulting spectra becomes less confusing, 
remaining elements stand out and are identi¬ 


fied by using a table of standard spectra and 
energies [15], The integrated areas under the 
respective peaks were calculated to obtain 
absolute counting rates. Concentrations of the 
detected elements were determined from the 
total activity and solution of the neutron 
activation equation. 


_ A t ,N _ 

0. o-ac/O -e-* r ') (e _xn ) 


where 


( 1 ) 


m = the mass of the element present 
in grams 

A t = measured activity in counts per 
second at time t due to the 
element 

N = atomic weight/Avogadro’s num¬ 
ber 

0 = isotopic abundance of the target 
element 



Fig. 3. Experimental composite gamma spectrum (solid line) for Cr-doped GaAs crystal (BH-465) 
72 hr after irradiation. Activity in counts/min is plotted against channel number. Standard spectra 
7! Ga (□) and 79 As (A) are included with peak energies shown in MeV. 
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K — efficiency of the counter for 
measuring the induced radio¬ 
activity 

cr ar = activation cross section [16] for 
neutron capture by the target 
material, square centimeters per 
atom per neutron 

/ = flux of neutrons per square centi¬ 
meter per second 

A = disintegration constant of the 
radioactive materia! a. 

T, = the irradiation time, duration of § 
exposure to neutron flux 

T 2 — decay time between irradiation 
and counting 

Copper and arsenic were used as the flux 
monitors and the thermal neutron activity 
induced was measured by the absolute count¬ 
ing of M Cu and 78 As. Assuming a thermal neu¬ 
tron cross section [16] of 415 barns for 84 Cu 
and for 7 B As, it was possible to calculate the 
flux in which the monitors were exposed and 
similarly the gallium arsenide samples. 

In addition to other 7 -ray peaks, spectrum 
stripping of the matrix elements 72 Ga and 78 As 
revealed two prominent gamma peaks at 0-51 
03 + /3 - annihilation peak) and 0-60 MeV decay¬ 
ing with a half-life of 17-5±0-4 day in all gal¬ 
lium arsenide crystals (Fig. 4) and the arsenic 
standard. Successive layers of gallium arsen¬ 
ide were removed from each of the crystals by 
chemical etching in bromine-methanol solu¬ 
tion until only 10 per cent (by weight) of the 
crystal remained undissolved. The spectra 
reproduced identically indicating a homo¬ 
geneous distribution. A search[17, 18 ] of 
probable isotopes with the determined gamma 
energies and half-life indicated l21 Te or 74 As as 
likely candidates. However, tellurium was 
eliminated because (1) production of 121 Te 
sufficient to give the observed activity is 
improbable when the irradiation time, flux, 
isotopic abundance and cross section for the 
,M Te («, 7 ) ,21 Te reaction is considered, (2) 
other tellurium isotopes more favorable to the 
(n,y) reaction were not identified, (3) the 



Fig. 4 Experimental composite gamma spectrum for Cr- 
doped GaAs crystal (BH-465) 24 days after irradiation 
(solid line) plotted as activity in counts/min vs. channel 
number. The standard spectral 15] for M Cr (□). “Zn (O). 
and IH ln (A) are included for comparison with the peak 
energies shown in MeV. The two peaks at 0-51 and (HO 
MeV. associated with 74 As are labelled on the experimen¬ 
tal spectrum. 

active species emits two strong lines and the 
relative intensity ratios in the sample spectra 
do not check the known values for , 2 ’Te. 
Arsenic has only one stable isotope, arsenic- 
75, in 100 per cent natural abundance. As a 
major constituent of gallium arsenide, it is 
present several orders of magnitude above the 
total amounts of contaminant. Therefore, the 
observed 7 -ray peaks seem to be associated 
with 74 As resulting from the (n,2n) fast neu¬ 
tron reaction on 75 As (Table 1). The irradia¬ 
tion time, flux and cross section for the fast 
neutron reaction (0-5 barn, - 0-1 that for 
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thermal neutrons) are favorable to its produc¬ 
tion and observation. The observed intensity 
of the gamma peak ratios are also consistent 
with reported values [15] as is its half-life [17], 
This interference spectrum was subtracted 
from each curve of the gallium arsenide 
analysis. 

Figure 3 shows the comparison of the ex¬ 
perimental composite spectrum of a Cr-doped 
gallium arsenide crystal (BH-465) with the 
individual standard spectrum from 72 Ga and 
76 As. Counts per minute are plotted against 
channel number for a measurement taken 72 
hr after neutron bombardment when the gal¬ 
lium and arsenic nuclides dominate the curve. 
At this stage in the analysis, counting rates 
associated with the gallium arsenide matrix 
are stripped from the experimental spectrum. 
The residuals are plotted and scanned for y- 
peaks. The areas under significant peaks are 
calculated. Identification of the observed y- 
peaks was based largely on the energies of the 
lines, the relative peak intensity ratios of the 
active species and finally the half-life deter¬ 
mination. For those cases where primary 
standards were not used, peak area activities 
were converted to concentration through 
equation (1). 

Figure 4 shows the experimental spectrum 
for the same Cr-doped crystal taken 24 days 
later when the 72 Ga and 7S As had decreased 
below the detection limit. The maximum 
gamma energy peaks in MeV are noted. The 
experimental composite spectrum shows the 
interfering 74 As peaks and the impurities 
indium (0-19 MeV), chromium (0-32 MeV) 
and zinc (M MeV). The ll4 In, 51 Cr and 65 Zn 
taken from standard spectra curves[15] are 
included on the figure for comparison. 

Table 5 gives the results of the crystal 
analyses. It also lists the measured gamma or 
beta energy and half-life of the resolved 
impurity. The high chromium concentrations 
reported for crystals BH-465 and BH-548 of 
9-8 x 10 17 and 1-59X 10 18 atoms/cm 3 respec¬ 
tively seem inconsistent with the electrical 
data in Table 2. Chromium has been reported 


to have a deep lying level in G&As with an 
ionization energy of 0-8 eV[19]. On this basis, 
~ 10‘® Cr/cm s might be expected to be partly 
electrically active at 25°C with about 10 12 /cm s 
uncompensated free carriers (p ~ 10*11 cm). 
Therefore, no direct relation can be estab¬ 
lished between the quantity of the impurity 
and the value of specific resistivity reported 
as 10 7 -10 8 n cm. Little is reported about the 
chromium solubility in gallium arsenide. Work 
by Selway[20] and in this laboratory on the 
diffusion of chromium in gallium arsenide 
indicate C 0 concentrations from ~ 3 X 10 ,e to 
~ 3 x 10 ,s atoms/cm 3 in the temperature 
range 870-1100°C. The semi-insulating 
behavior in the presence of so large an 
impurity concentration might be explained if 
Cr is an amphoteric impurity in GaAs and 
results in autocompensation. Its existence as a 
separate phase in the crystal has been sug¬ 
gested by Cronin and Haisty[21]. 

The high germanium concentration. 6-6 x 
10 21 Ge/cm 3 , in the Ge-doped epitaxial layer 
grown on silicon doped GaAs crystal C2-547 
is due to precipitated germanium in the crystal. 
Photomicrographs after angle lapping showed 
a number of peaks at the surface which are 
attributed to germanium regrowth[22]. These 
enriched areas would give the layer an abnor¬ 
mally high germanium concentration. It is 
interesting that phosphorus and indium were 
found as impurities in the Ge-epi layer re¬ 
moved from the gallium arsenide substrate by 
lapping. Neither of these elements were 
detected in the substrate. This suggests neu¬ 
tron activation as a possible method for 
evaluating the purity of epitaxial grown 
material, since impurity distribution in doped 
epitaxial layers may be determined by 
concentration profiles. 

All the crystals described in this work had 
silicon contamination at levels ranging from 
4’3xl0 16 to 4-7 x 10 17 atoms/cm 3 (±75 per 
cent). Although primary standards were used, 
interference and the short half-life of 31 Si 
adversely affects the accuracy. Crystal C2- 
547 had the highest concentration and was 
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purposely doped (Table 2) while the crystal 
with the lowest silicon concentration (HB- 
1185) was oxygen doped. This observation is 
consistent with Woods and Ainslie[23] who 
have investigated the role oxygen plays in 
reducing silicon contamination of gallium 
arsenide. No other impurities were detected 
in crystal C2-547 and 1:1 correlation between 
the silicon concentration and carrier concen¬ 
tration exists. 

Small quantities (< 3 x 10 16 atoms/cm 3 ) of a 
number of elements were found in all the crys¬ 
tals. Specifically identified were germanium, 
gold, indium and zinc. None were found to be 
consistent contaminants. Only the germanium 
concentration was determined from a primary 
standard. The ~ 10 1# Ge/cm 3 found in crystal 
HB-1051 is believed to be in excess of the 
amount transmuted as a result of the /3~ 
nuclear reaction on gallium. 

The activation analysis results in Table 5 
appear to be unrelated to the electrical data 
in Table 2 with the exception perhaps of the 
silicon-doped crystal, C2-547. These data 
show that the resistivity could be subject to 
suspect if regarded as an unbiased purity 
index. A similar finding through a combina¬ 
tion of activation and autoradiographic analy¬ 
sis has been reported for semiconductor grade 
silicon [24]. Localized concentrations of mer¬ 
cury and sulfur were found in 107(1 cm n-type 
zone refined material. Martin [24] also de¬ 
tected and located nonuniform distributions of 
copper and gold on the surfaces of silicon 
diodes that had little effect on the reverse 
current characteristics. 

Impurities other than those listed in Table 5 
may be present but because of either a short 
half-life (i.e. Na, K, Cu, Mn, Mg, Al, Li, B) or 
low sensitivity of detection, (i.e. Ca, Ni, Sn, 
Fe) would not be resolved under the described 
experimental conditions unless present at 
2* 10 17 —1 O’ 8 atoms/cm 3 . Both these limitations 
could be more favorably presented if rapid 
chemical separation methods for gallium and 
arsenic were employed and longer irradiation 
times were used. 


The technique of activation analysis offers 
considerable promise for the analytical meas¬ 
urement of trace elements owing to the high 
sensitivity which becomes available at high 
flux levels. The method is free from the errors 
due to impurities in the chemical reagents 
employed in the procedure and has the addi¬ 
tional advantage of etching the surface of a 
sample between activation and processing in 
order to remove any contamination. The 
problem of distinguishing the induced radio¬ 
activity due to one element in the presence of 
other activities can be resolved in several 
ways. In classical activation analysis, the 
approach involves the complete radiochemi¬ 
cal purification of the induced activities, and 
the separation of the individual radioactive 
element from all other radioactivities present. 
Such a procedure is a time consuming and 
often a strenuous task. Another approach 
involves the use of the gamma-ray spectro¬ 
meter where the radioactive element may be 
distinguished in terms of its gamma-ray spec¬ 
trum. When the matrix contains several radio¬ 
activities, such as in the case of gallium 
arsenide, the spectrometer has difficulty in dis¬ 
tinguishing and sorting the energies present. 
One or two simple processes of radiochemical 
purification could be sufficient to improve the 
usefulness of the spectrometer when complex 
mixtures are analyzed. With the use of simple 
separations the scope and sensitivity of the 
activation method can be extended so as to be 
useful as a post-crystal growth characteriza¬ 
tion tool. The application of a solid state 
detector, Ge(Li), to the nondestructive analy¬ 
sis of gallium arsenide might allow wider appli¬ 
cation of the technique because of its higher 
resolution relative to Nal scintillators. These 
approaches are presently under consideration. 


CONCLUSION 

An instrumental survey analysis of impuri¬ 
ties in Bridgman, Czochralski and eutectic 
epitaxy grown gallium arsenide crystals lead 
to the following conclusions: 
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1. Semi-insulating Cr-doped G aAs con¬ 
tained 9-8 X 10 17 and 1 -59 X 10 > 8 Cr/cm 3 . some 
quantity of which exists in the crystal in an 
electrically neutral or compensated state. 

2. Silicon is a consistent contaminant in the 
crystals surveyed at levels of 4-3 X 10 ie —4-7 x 
10‘ 7 atoms/cm 3 . 

3. Small quantities of other impurities, ger¬ 
manium, gold, indium and zinc not exceeding 
3 x 10 '* atoms/cm 3 were found to be inter¬ 
mittent bulk contaminants. 

4. A Ge-epitaxial layer grown on an n-type 
GaAs substrate had phosphorus and indium as 
impurity constituents at I I x 10 ’ 6 and 3-1 x 
10' 8 atoms/cm 3 respectively. 

5. No 1:1 correlation was established 
between spectra intensity and reported resis¬ 
tivity except for a heavily Si-doped crystal. 

6 . Chemical separations and increased 
detection sensitivity could make activation 
analysis a useful and powerful tool for purity 
evaluation of bulk and solution grown GaAs. 
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Abstract—The effect of substitution of one isotope for another in the LiH molecule has been investi¬ 
gated between —196° and 240°C. The isotope effect on lattice parameter, a,,. density, and coefficient of 
thermal expansion shows a definite trend whereby the lighter isotopes have larger lattice parameters 
and smaller coefficients of thermal expansion that the heavier isotopes. These effects are more pro¬ 
nounced when the lighter element is the one undergoing substitution. At the lower temperature the 
effect is relatively large but diminishes at the higher temperature. It is demonstrated that the lattice 
parameter for the isotopic lithium hydrides can. at any temperature, be related by the linear expression 

These isotopic effects are discussed within the framework of the theories of Ubbelohde and London. 


INTRODUCTION 

Ubbelohde[1] pointed out in 1935 that the 
substitution of one isotope for another, in a 
solid chemical compound, will lead to differ¬ 
ences in the rotational and vibrational fre¬ 
quencies of the molecules, without producing 
any significant change in the structure of the 
potential energy of the solid. These substitu¬ 
tions cause changes in the lattice constant, a 0 , 
and in the coefficient of thermal expansion, a, 
of the solid. These changes can be related 
directly to the vibrational frequencies of the 
molecules, which in turn are a function of the 
reduced mass, /u,. Hence, isotopic substitution 
of hydrogen isotopes should be especially 
effective in such studies. Lithium hydride, 
which has a NaCl crystal structure, is a parti¬ 
cularly convenient compound to use in an 
investigation of isotope effects. Due to its low 
molecular weight and reduced mass, both pro¬ 
perties experience observable changes on 
substitution of either hydride or lithium ions. 
There have been several investigations in the 
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past few years of these isotopic effects on the 
lithium hydride molecule [2-6]. The present 
work expands both the isotopic compositions 
investigated and the temperature range studied 

EXPERIMENTAL 

The lattice parameters of "LiH, "LiD, 
6 LiH, 6 LiD and 7 LiT were determined by 
X-ray diffraction at —190° and 25°C. This also 
permitted the calculation of an average co¬ 
efficient of thermal expansion, a, over this 
215° temperature interval. Densities of 6 LiH, 
8 LiD, 7 LiH and 7 LiD were determined, by 
flotation, over the 25°-140°C and 140°-240°C 
temperature intervals. From these density 
measurements, lattice parameters and a’s 
could be calculated. It was possible to convert 
the low temperature "LiH and "LiD values to 
‘pure’ 7 LiH and 7 LiD values for comparison 
with the 25°-240°C data on 7 LiH and 7 LiD. 

Samples 

The crystals used in this experiment came 
from several sources. The "LiH, "LiD, 7 LiH, 
7 LiD and fl LiH were prepared in this labora¬ 
tory using the technique developed by Pretzel 
[6]. The e LiD was prepared by and purchased 
from the Y-12 Plant, Oak Ridge, Tenn. This 
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material was then recrystallized and annealed 
in the apparatus used for growing single crys¬ 
tals. The 7 LiT was actually 7 LiT 0 . 8 ,H () .i 2 pur¬ 
chased from Mound Laboratory. Miamisburg, 
Ohio. This was in the form of small (-2-3 
mm on a side) crystals when received, and was 
used with no further treatment. Again, using 
Vegard’s rule, the values obtained for this 
material were converted to ‘pure’ 7 LiT values. 

Apparatus 

The X-ray diffraction data were obtained on 
powder of - 50 micron average particle size. 
The diffraction pattern was obtained with a 
vacuum X-ray diffractometer stage attached 
to a Philips-Norelco X-ray diffractometer. 
The apparatus and technique have been dis¬ 
cussed previously[7,8}. Measurements of 
lattice parameters were taken at —190° ± 1°C 
and at 25°±1°C. These temperatures were 
measured with a chromel-alume! thermo¬ 
couple attached to the stage adjacent to the 
sample. The low temperature was maintained 
by flowing liquid nitrogen through the stage. 
X-radiation from a Cr target was used to de¬ 
termine the diffraction pattern over the 100- 
160 degree back reflection region. This yielded 
the (220), (311), and (222) lines for the iso¬ 
topic LiH’s. From the maxima of these diffrac¬ 
tion lines, the lattice parameters were cal¬ 
culated with an IBM-704 program using 
Hess’s modified least-squares extrapolation 

[9]. 

Because of the low electron densities of the 
lithium and hydride ions, LiH is quite trans¬ 
parent even to soft Cr X-radiation. As the 
temperature is increased the diffraction lines 
become quite weak and diffuse[5,12] with a 
resultant loss of precision in determining a„. 
For this reason the X-ray diffraction tech¬ 
nique was less desirable in the 25°-240°C tem¬ 
perature range. A flotation technique was 
therefore used to determine crystal densities 
over this temperature range. Here, carefully 
dried liquids, with a density at the temperature 
of interest, closely matching that of the LiH 
crystal were calibrated so that the density and 


coefficient of thermal expansion of the liquid 
were accurately known over the temperature 
range of interest. Prior to calibration, these 
liquids were outgassed carefully by freezing 
in liquid N t , evacuating the volume over the 
frozen liquid, isolating this section of the 
apparatus and allowing the liquid to warm in 
vacuum to room temperature. This process 
was repeated a sufficient number of times to 
insure adequate outgassing. A small (~ 2 mm 
on an edge) crystal of the isotopic LiH was 
then sealed in a quartz tube containing the 
dried, outgassed liquid. This tube was then 
placed in a regulated temperature bath, and 
the temperature of the bath varied until the 
crystal was suspended in the liquid. Then, 
knowing the density of the liquid at that tem¬ 
perature, the density of the crystal was known. 
The temperature of the bath was controlled to 
±005°C which, for most liquids used, corres¬ 
ponded to —±0 005 percent density variation. 
The temperature was measured using a Pt 
resistance thermometer calibrated by NBS 
and a Mueller bridge calibrated by the elec¬ 
tronics Group, LASL. The ice point was daily 
measured with this thermometer as a check 
on stability and reproducibility of the thermo¬ 
meter. 

The liquids used as flotation liquids were 
inert, dried liquids. Benzene, octane, heptane. 
DC-556 silicone fluid and several DC-200, 
silicone fluids were used. All liquids used in 
this work were dried by storing over crystal¬ 
line LiH and Linde 5A molecular sieve. The 
liquids were stored, over the drying agents, 
at a temperature equal to the highest flotation 
temperature expected. 

The measured densities could then be con¬ 
verted to lattice constants. These values were 
then used to calculate average values of the 
coefficient of thermal expansion, a, over the 
temperature interval of interest. 

RESULTS 

The lattice parameters of ®LiH, 6 LiD, "LIH. 
"LiD and 7 LiT were measured at —190° and 
25°C. The flotation densities of ®LiH, ®LiD, 
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7 LiH and 7 LiD were measured at tempera¬ 
tures near 25°, 140° and 240°C. There was a 
definite isotope effect observed in both lattice 
parameter and coefficient of thermal expan¬ 
sion. Table 1 lists the reduced mass, /a, 
and lattice constants at —190°, 25°, 140° and 
240°C. 

It was demonstrated that, at any given tem¬ 
perature, T, the lattice constant, a 0 , for the 
isotopic series could be related by the ex¬ 
pression a 0 = AyL~ vi + where: p. = re¬ 


result of the lower reduced mass of these 
isotopic compositions, and will be discussed 
in more detail in the next section. 

Table 3 lists the measured coefficients of 
thermal expansion over the temperature 
ranges — 190°-240°C. Here, contrary to the 
effect found with lattice constants, the heavier 
isotopes have the larger coefficients of thermal 
expansion. Table 4 lists the ratios of the a’s 
for these same temperature intervals. Several 
points should be emphasized about Tables 3 


Table 1. Reduced mass and lattice parameters for isotopic LiH 


Isotopic 

composition 


lx" 11 


Lattice parameters 


— 190“C 

25°C 

140°C 

240°C 

“LiH 

KljlWj 


4-0666 

4-0851 


4-1218 

7 LiH 



4-0657 

4-0829 


4-1224 

“LiD 



4-0499 




7 LiD 

1-5649 


4-0477 

4 0693 


4-1119 

'LiT 




4-0633 

- 

- 


duced mass; A and B are constants. Figure 1 
is a plot of this relationship at —190°, 25°, 140° 
and 240°C. This plot was used to convert the 
a„ for "LiH and "LiD to a„ values for ‘pure’ 
7 LiH and 7 LiD at -190° and 25°C. It will be 
noted that as the temperature is increased, the 
slope of this line approaches zero. If indeed 
there was'no isotope effect, the slope should, 
at all temperatures, be zero. This decreasing 
slope implies that the effect of isotopic sub¬ 
stitution is reduced at higher temperatures. 
Table 2 lists the slopes of these lines at the 
temperatures studied. It will be noted that the 
isotope effect is such that the lighter isotopes 
result in a higher lattice constant. This is a 


Table 2. an — Ap, 1,2 -F B 


Temperature 


<°C) 

A 

-190 

0-0665 

25 

0-0523 

140 

0-0464 

240 

0-0407 



Fig. I. a 0 = Ap-'v+B for isotopic lithium hydride at 
-190°, 25°, 140° and 240°C. 













J. L. ANDERSON et al. 


Table 3. as X \Q\for isotopic LiH 


Isotopic 

composition 

- 190°-2J°C 

25°-)40°C 

140°-240°C 

"LiH 

21-0 + 0-3 

34-4 ±0-8 

50 0 ±10 

'LiH 

19-8 ±0-4 

37-4 ±0-4 

53-3+0-6 

"LiD 

24-0 ± 1-0 

38-4 ±1-8 

54-3 ± 1 -0 

'LiD 

24-8 ±0-4 

42-9 ± t -0 

55-0+1-4 

'L.iT 

26-4 + 0 5 




and 4. There is a definite discrepancy in a 
for "LiH compared to a for 7 LiH in the -190° 
to 25°C range. There is no reasonable ex¬ 
planation for the higher value ot fl LiH over 
7 LiH. It would be expected that the difference 
would be small due to the closeness of the 
reduced masses of “LiH and 7 LiH; however, 
the reversal appears to be anamolous. Table 
4 shows that for any given combination the 
ratio a light/a heavy approaches 1 as the 


Table 4. Ratio of as for isotopic LiH 


Ratio 

—I90”-25“C 

25”-140°C 

140°-240°C 

~for«l.i 

al) 

0-879 

0 896 

0-921 

SH r ,, . 
at ) for Ll 

0 805 

0-872 

0-969 

H"Ll f 
?'Ti for " 

1-060 

0-920 

0-982 

«“Li 

vr>' orD 

0-972 

0-895 

0-987 

for 7 Li 
57 

0 750 

- 

- 

trD t ... 

for 'Ll 
at 

0-932 

- 

- 


temperature is increased. Again, all ratios 
should be exactly one if no isotope effect were 
present. The greater the relative mass differ¬ 
ences between isotopes under study, the lower 
the ratio a light/a heavy. This is especially 
noticeable in comparing 7 LiH with 7 LiT. Con¬ 
versely, when comparing the data for fi Li and 
7 Li it is seen that the ratios are all close to one, 
indicating very little effect. 


DISCUSSION 

If one looks at the curve of potential energy 
of interaction (the Morse curve) of two par¬ 
ticles, it would appear that the equilibrium 
distance between the particles would be in¬ 
dependent of isotopic substitution. Due to the 
quantum effect leading to zero point oscilla¬ 
tions, however, there is an isotope effect. The 
energy of the zero-point oscillation is pro¬ 
portional to p~ ut . The lower the value of p, 
the higher the energy and, hence, due to the 
anharmonicity of the potential curve, the 
greater the equilibrium separation distance 
between the two interacting particles. 

As one isotope is substituted for another, 
the relative change in p is greater when light 
molecules are involved, if the element under¬ 
going isotopic substitution is the lighter 
element, and in particular, if the element 
undergoing isotopic substitution is hydrogen. 

Several groups have investigated the iso¬ 
tope effect in LiH[2,3,4,5]. These studies 
have in general been limited to a comparison 
of "LiH vs. “LiD over the -196° to 25°C tem¬ 
perature interval. These studies have indeed 
shown the lattice parameter of LiH to be 
greater than that of LiD. whereas the coeffi¬ 
cient of thermal expansion of LiD is greater 
than that for LiH. Our results are in excellent 
agreement with these literature values. 

A formal review of isotope effects and a 
theoretical treatment of such effects can be 
found in the papers by Kogan[12,13]. These 
papers give a theoretical treatment which will 
explain the larger a 0 for the lighter isotopes 
and the larger heat capacity and thus, accord¬ 
ing to the Gruneisen ratio, a higher coefficient 
of thermal expansion for the heavier isotopes. 
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This treatment, in the framework of the Debye 
theory of solids, demonstrates that these 
isotope effects should disappear at higher 
temperatures. Following Ubbelohde[l], 
Kogan gives the following expression for 
relating the lattice parameters of LiH and LiD; 

a uh .. - .£ yg = QAr « AE 

LiH C 

where A E and C are derived from Debye’s 
theory with 0 L1H = 815°K[1] and 0 UD = 611°K. 
For this calculation a 25°C a of 32 x 10 -8 /deg 
was used[5]. The calculation gives: 

— = 0-23 X 10- 2 
a 

compared to an experimental value of 


— — fl LIH fl LID 
a a LUl 


= 0-33 x 


io- 2 . 


This value of 0-33 X 10 -2 is in substantial 
agreement with the reported value of Bruckner 
el al.[ 4], The discrepancy perhaps implies 
that the Debye temperatures of LiH and LiD 
are not sufficiently well known. 

London [14] has derived an expression, 
based on thermodynamic relationships, which 
will more nearly describe the observed isotope 
effect. This more rigorous treatment has been 
adequately discussed by Kogan[12,13] and 
Briickner[4]. London [14] derives an expres¬ 
sion denoting the change in molar volume 
induced by isotopic substitution as: 



where 

v k = lattice frequency 

e 0 = zero point energy = 2(9/8 R9 ) for a 
two atom solid 

a — coefficient of thermal expansion 
C v = heat capacity and 
t/ 0 = € 0 + Eo = crystal energy at zero point. 


The difficulty is in assessing the manner in 
which (d In v*)/(d In M) changes. London 
quotes Kellermann’s[13] work on NaCl as a 
basis for stating that 

r dlnv, ] I 1 

LdlnWj 21-(M/m)' 

with 

i < x < 1 
x = 1 for T> 6 
x = | for T < 6 

where 

M = mass number of atoms in the sublattice 
that are substituted. 

m = mass number of atoms in the sublattice 
that are not substituted. 

Integrating between M, and M 2 and making 
the above substitution for d In v*/d In M , 
London shows 



1 a n / 

2 C m \ 



U n ~ 

1 

M,' 




where the subscript n refers to the natural 
material, on which most of the thermodynamic 
measurements have been made. 

Using the Debye 0's listed above, and the 
tables of Landolt and Bornstein[16] to deter¬ 
mine U n — E 0 „, a value of x = 0-8, as suggested 
by Briickner[4], and a 25°C value of a — 
32 x 10~ 6 for "LiH. one calculates: 


AK 

3F 


— = 0-31 X 10- 2 
a 


as compared to the experimental value of 
Ulih — «ud/«ijh = 0-33 x 10~ 2 . This comparison 
is, indeed, quite acceptable; however, this 
agreement must be carefully interpreted. Due 
to the approximations used, this agreement 
may be fortuitous. 

As Briickner[4] suggested, one is able to 
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compare the ratio aud a un by repeating the 
calculation of equation (1), using first the LiH 
values and second the LiD values for the 
terms carrying n in the formula. At 298°K this 
calculated ratio is 0-80. Experimentally, the 
value d UH /d ut) for the - 19(F-25 0 C a was 0-81. 
This value approaches 1 -0 at the higher tem¬ 
peratures. 

The values of a 0 and a’s determined experi¬ 
mentally are in very good agreement with 
those determined earlier[3,4,5J. This work 
serves to expand the composition range and 
temperature intervals studied. It has been 
shown that the zero point energy E 0 is greater 
for light isotopes, hence a„ is larger for the 
light isotopes. This is due to an inverse de¬ 
pendence of E„ on the reduced mass of the 
system. This in turn means a larger effect is 
detected upon substitution of the lighter 
element in a binary molecule, i.e. changing 
hydrogen isotopes causes a larger difference 
in properties than does changing lithium iso¬ 
topes. 

The Debye theory predicts a larger heat 
capacity for the heavier element (C heavv > 
Ciigm), then by the Gruneisen relation, a = 
yCjWV. it is expected that « h(MVV > «n K m- 
The difference in physical properties result¬ 
ing from isotopic substitution becomes much 
less pronounced as the temperature is in¬ 
creased, and should eventually become negli¬ 
gible. It has also been demonstrated that at 
any temperature there is a linear decrease in 
lattice parameter as fx, the reduced mass, 
increases. 
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Abstract-Available experimental data at 295°K on the ultrasonic elastic constants and their tempera¬ 
ture variation, the specific heat, and the thermal expansion of the sodium and potassium halides have 
been collected and inspected for smoothness in each sequence when plotted against nearest neighbor 
distance. In the same way, ultrasonic data on the pressure derivatives of the elastic constants have 
been reviewed and, in the case of NaBr, Nal, KF and K.I, measured. The resulting smooth thermody¬ 
namic data have been used to obtain values of the constant volume temperature coefficient of the iso¬ 
thermal bulk modulus, dlt\B T /dT) y and of dB r tdP) r . The former is found to be roughly constant at 
— 0-7 x 10 ’deg 1 for both halide sequences. It arises in the vibrational entropy of the crystal and 
appears as a correction in expressions giving the repulsive exponent in the two-parameter empirical 
Bom model. The usual procedure of using compression data to obtain d\nB T ldT) y results in an erratic 
correction that occasionally amounts to more than 10 per cent of the repulsive parameter; on the 
other hand, the ultrasonically based correction is strikingly smooth at about 2 per cent. Experimental 
values of dB T ldP) T are nearly invariant among these eight alkali halides at a value of 5-4. The Bom 
model correctly predicts this magnitude but also predicts a systematic trend with repulsive exponent 
significantly greater than that found. Bom-Hildebrand equations of state based on the ultrasonic 
parameters should provide improved estimates of ViP) relations; these do compare fairly well with 
X-ray data for NaF, NaCI and Nal to pressures on the order of the bulk modulus. Neither compari¬ 
son with experiment will distinguish, however, for the whole group between the version of the Bom 
model based on a power law repulsive potential and that based on an exponential law. 


INTRODUCTION 

This research has its origins in recent papers 
by Tosi[l]; Drickamer et al.[ 2], Anderson [3] 
and Swenson [4] dealing with the equation of 
state of solids. Although the subject of the 
binding energy of the alkali halides is one of 
the oldest in solid state science, modern 
advances in experimental technique provide 
refined empirical parameters and additional 
experimental tests of the theory of ionic 
crystals. This paper deals with empirical 
parameters in the Bom model of ionic crystals 
that are based on the single crystal elastic 
constants and their first pressure derivative. 

Tosifl] reviews the theory of ionic crystals 
in detail. In particular, he gives an excellent 
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comparison of the parameters, describing the 
important repulsive interaction, that are 
derived from several different versions of the 
classic Bom model and also gives a good 
discussion of both the Hildebrand and the 
Mie-Gruneisen methods of making the neces¬ 
sary correction for thermal effects. Drickamer 
et al.[ 2] report X-ray measurements of the 
compressions of several alkali halides to very 
high pressures and compare these results, 
following Tosi, with the Born model in the 
Hildebrand approximation. Anderson [3] 
points out that ultrasonic measurements at 
modest pressures, inserted in the Mumaghan 
equation of state, give very good estimates of 
the compressions at high pressures for a wide 
variety of solids, including one alkali halide, 
NaCI. Swenson [4] discusses thermal con¬ 
tributions to the equation of state of solids and 
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shows specifically that, when ultrasonic values 
of both the temperature dependence and the 
pressure dependence of the elastic constants 
of single crystals are combined to yield the 
constant volume temperature coefficient of 
the isothermal bulk modulus, £ = dlnB r ldT) v , 
consistently small values of £ occur for almost 
all solids. Swenson points out that this fact has 
good theoretical foundation and that it permits 
broad generalizations and extrapolations to be 
made. It will be shown in this paper that £ 
appears explicitly and naturally in the 
Hildebrand correction for thermal effects in 
the Bom model and that Swenson’s observa¬ 
tions have surprisingly important conse¬ 
quences in that model. 

The pressure derivatives of the single crys¬ 
tal elastic constants of NaF[5] and of NaCl 
and KCI [6J have been previously reported 
from our laboratory. Similar studies of KBr 
and K1 have been published by Reddy and 
Ruoff and of KF and NaBr by Koliwad el at. 
|7J. Of the eight sodium and potassium halides, 
only Nal had not been studied at the inception 
of this work; these measurements were under¬ 
taken and arc reported here. One expects the 
thermodynamic properties of the alkali halides 
to vary smoothly and monotonically in each 
sequence as the halogen ion is changed. For 
example, each elastic constant, C, varies 
smoothly, approximately as d„~\ when plotted 
against nearest neighbor distance, d„. The 
various pressure derivatives, dCldP. vary 
much less rapidly with halogen (i.e., d„) than 
do the C’s themselves, but nevertheless, the 
plots of dCldP from the sources listed above 
were unsatisfactory, being erratic by amounts 
that were considerably beyond the experimen¬ 
tal uncertainty. For this reason, the pressure 
derivatives of the elastic constants of NaBr, 
KF and K1 have been measured indepen¬ 
dently in our laboratory and are also reported 
here, the test of a smooth plot now being met. 
Thus the experimental pressure data that are 
the main concern of this paper come from one 
laboratory for seven of the eight Na and K 
halides, the exception being KBr. 


Auxiliary elastic and thermodynamic data 
are needed in the reduction of experimental 
observations to values of dCldP, in the trans¬ 
formation of the ultrasonic adiabatic bulk 
modulus, B„ and its temperature and pressure 
derivatives to the corresponding quantities 
for the isothermal modulus, B T> and in the 
determination of the thermal corrections in 
the Born model. These data have been chosen 
from the literature using the same criteria as 
above for dCldP. Each type of data has been 
required to plot smoothly with d 0 , and each 
type has been taken from a common source 
for all eight alkali halides. These data are 
given explicitly in a later section because the 
sources differ in some cases from the tradi¬ 
tional ones, for example those quoted by Tosi; 
the numerical differences are not large, but are 
sometimes significant. Key points in this 
research have been the analysis of the com¬ 
plete Na and K sequences and the availability 
of smooth data from a common source for 
each sequence. 

The analysis presented in a later section of 
the paper shows that the quantity f that 
appears in the thermal correction to the Born 
model is far more consistent in the Na and 
K sequences when it is based on ultrasonic 
data than when it is obtained from direct com¬ 
pression determinations of the compres¬ 
sibility, K t { T.P). as has been usual heretofore. 
Moreover, f is consistently small as Swenson 
predicts, and in this respect is also widely differ¬ 
ent from the compression £. As a consequence, 
the Bom model empirical parameters based 
on ultrasonic f vary smoothly in the sequences 
and are substantially different from the 
compression parameters. 

These ultrasonic Born model parameters 
are used in later sections of the paper to pre¬ 
dict the quantities (dB r ldP) P ^ n and V{P) in 
two versions, one based on a power law repul¬ 
sive potential and the other on an exponential 
law. A comparison of both versions with 
experimental values of the two quantities is 
given. The comparison is fairly good in magni¬ 
tude, but not sufficiently good in detail to 
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distinguish between the two laws for these 
alkali halides as a group. 

EXPERIMENT 

Single crystals of Nal and KI were obtained 
from the Harshaw Chemical Company in the 
form of 0-6 in. dia. cylinders oriented in the 
[110] direction and approximately 1 in. long. 
Similar NaBr and KF samples were obtained 
from Semi-Elements. Inc., and an additional 
[110] specimen of KF was cut from a cleavage 
cube from Optovac, Inc. Supplementary 
specimens of NaBr, KF and KI oriented in 
the [100] direction and a duplicate [110] 
sample of NaBr were likewise obtained in 
order to provide cross checks and duplicate 
data. All of these materials, except Kl, were 
found to be deliquescent. This, plus their 
tendency to crack from thermal or mechani¬ 
cal shock, required that various precautionary 
measures be taken in working with these 
materials. Final acoustic surfaces were pre¬ 
pared by lapping opposite ends of the samples 
flat and parallel with muslin slightly wet with 
methanol. Paraffin wax was found satisfactory 
as a seal material to bond both X- and Y- cut 
quartz transducers onto the samples. 

The orientation and the perfection of the 
single crystals were carefully checked by 
back reflection Laue patterns made on both 
ends of the specimens. Mosaic spread was 
found in two NaBr samples, both of which 
were rejected on this basis. The final acoustic 
surfaces of the specimens were found to be 
within 0-5° of the desired [100] or [110] direc¬ 
tion. No correction was made for this slight 
misalignment. 

The changes in arrival time with pressure of 
the three independent [110] acoustic waves 
were measured using electronic and pressure 
techniques employed in recent ultrasonic 
work of this laboratory and well described in 
previous publications[5, 6], The end experi¬ 
mental quantity for each wave is d\nt„ldP = 
dlnt/dP, where t n denotes the appropriate 
nth echo arrival time and t without subscript 
the transit time. Zero pressure arrival times 


were determined using the elastic constant 
data of Haussiihl[8], with the exception of 
NaBr where they were directly measured 
using the buffer technique. Pressure data was 
taken uniformly on all waves to 1 kbar in i 
kbar increments on the upstroke and the inter¬ 
leaving i kbar decrements on the downstroke. 
The values finally adopted for the dlntldP 
are based on the averaged results of two to 
four separate pressure runs on each wave of 
each specimen. 

Even though the maximum pressure was 
restricted to a modest 1 kbar, the t x (P) data 
showed a slight nonlinearity, especially in the 
more compressible materials. For this reason, 
dtjdp at zero pressure was obtained by fitting 
a quadratic to the raw data by the method of 
least squares. No formal error analysis was 
performed on the least squares slopes of the 
data. The precision on each d\r\CldP is set 
at ±01 x 10~ 3 kbar'\ however, from the 
repeatability of independent pressure runs. 

Internal checks on the dCldP quoted in the 
next section were made experimentally in the 
cases of NaBr, KF and KI. In these three 
materials, measurements of dCnIdP were 
made on [ 100] crystals and are compared with 
the dC u ldP computed from the [110] data as 
follows: for NaBr, the measured and cal¬ 
culated dC u ldP are respectively 11-75 and 
11-73; for KF, 12-70 and 12-27 and for KI, 
13-39 and 13-50. 

RESULTS 

The dlnt/dP and the pressure coefficients 
of the elastic constants, dlnCldP, are given in 
Table 1 for NaBr, Nal, KF and KI. The 
dinCIdP of C' n , C' and C i4 were computed 
from the d\ntldP by means of the relation 

dlnC _ 1 ^ d\nt ... 

dP 3 B t dP 

evaluated at zero pressure, the required values 
of the isothermal bulk modulus being given in 
the next section. These dinCIdP, Haussiihl’s 
C’s (except NaBr) and the relation B t = C' n 
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Table 1. Values of the measured d/nt/dP and 
of d/nC/dP at 295°K; t is the acoustic wave 
transit time. Units are 10~ 3 kbar 1 



NaBr 

Nal 

KF 

Kl 

d\ntldP 




— 16-9 

c;, 

- 9-5 

-130 

- 5-7 

c 

- 15-8 

- 21 2 

- 9-8 

- 24-5 

c« 

dinCIdP 

- 1-4 

- 3 0 

+ 2-3 

+ 4-8 

c;, 

20'7 

28-2 

12 5 

36-7 

C' 

33-2 

44-6 

20'6 

52-0 


4-6 

8-2 

- 3-4 

- 6-6 

B. 

25-6 

33-8 

16-7 

450 


- C 44 - C'13 were used to obtain the values of 
din B.IdP that are also tabulated. 

The dCIdP are the central experimental 
quantities in this work and are given for all of 
the sodium and potassium halides in Table 2. 
The values for NaF, NaCI and KCI are those 
previously reported from our laboratory. The 
Nal results given here are the first for that 
material. These, plus our own determination 
for NaBr, KF and K1 result in dCIdP data 
being now available from one laboratory for 
all of these materials except KBr. The |110] 
dCIdP of KBr were calculated from the data 
given by Reddy and Ruoff[9] for C,„ C u and 
C«. 

Plots of the dCIdP for the sodium and 
potassium halides are given in Figs. I and 2. 
All derivatives for both sequences plot 
smoothly within the experimental precision 



Fig. I. The pressure derivatives of the elastic constants of 
the sodium halides vs. nearest neighbor distance. 


quoted. The essential feature of these dCIdP 
is that each derivative is nearly constant 
throughout each sequence but with a slight 
and real upward trend when plotted against 
nearest neighbor distance. 

The Na and K sequences are shown in 
separate figures for clarity; a careful compari¬ 
son of the two is worthwhile. The value of 
dC M ldP is small for both sequences, a 
salient characteristic of the NaCI structure 
[5], but is positive for the Na sequence and 
negative for K. The pressure derivative of B„ 


Table 2. Values of dC'/dP for the sodium and 
potassium halides at 295 °K 



NaF[5| 

NaClf6] 

NaBr 

Nal 

c;, 

6-98 

7-24 

7-36 

7-61 

C' 

4-79 

4-79 

4-83 

4-80 

C„ 




0-61 

B. 

5-18 

5-27 

5-29 

5-40 


KF 

KCI [6] 

KBr [7] 

Kt 

c;, 

6-59 

6-83 

6-95 

7-23 

C’ 

5-25 

5-61 

5-68 

603 

^44 

-0-4.3 

-0-39 

-0-328 

-0-244 

B, 

5-26 

5-34 

5-38 

5-47 
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Fig. 2. The pressure derivatives of the elastic constants of 
the potassium halides vs. nearest neighbor distance. 


lies above that of C' in Na, but below in K. 
We call particular attention to the fact, impor¬ 
tant in this paper, that the two plots for 
dBjdP very nearly superimpose. 

DERIVED QUANTITIES 

In this section the pressure derivatives of 
the elastic constants displayed in the last 
section are used to obtain two derived quan¬ 
tities that pertain to the Bom model of ionic 
crystals. This process requires auxiliary 
thermodynamic data at room temperature, as 


does the Bom model itself which is treated in 
the following section. Before proceeding, a 
careful selection of these basic data was made, 
using the same criteria of tjte previous section. 
Data Of a given kind were as nearly as possible 
taken from a single reference. Where more 
than one source was available, the data set 
that plotted most smoothly with nearest 
neighbor distance was adopted. The complete 
basic data selected are given in Table 3. The 
temperature is 295°K for these data and all 
subsequent derived quantities. 

Lattice constants quoted in Bureau of 
Standards publications [10] were used to com¬ 
pute the nearest neighbor distance d„ and the 
molecular volume fl 0 . This source of was 
also adopted by Tosi. The d 0 enter as d 0 * in 
the Bom model requiring very precise values 
of this fundamental parameter. 

The values of the volume coefficient of 
thermal expansion, /3, were kindly supplied 
to us by Dr. Richard K. Kirby who has 
made a critical evaluation of the available 
measurements of this quantity. The single 
exception is KF, for which a 295°K value of /3 
was estimated from the thermal expansion 
data reported by Henglein[l 1] at— 131°C and 
— 40°C. These adopted values of j8 at 295°K 
are slightly different from the — 40°C values 
that have been used heretofore [1] in the Born 
model. 

The room temperature specific heats, C p , 
are from the published results of Bronsted [ 12] 
who measured average specific heats over the 


Table 3. Basic data for the sodium and potassium halides at 295 °K 



d 0 

(10 _t, cm) 

fto 

(10' 2< cm 3 

molecule' 1 ) 

B, 

(kbar) 

Cr 

(10 '“ergdeg 1 
molecule' 1 ) 

P 

(10" 4 deg"') 

y 

Tpy 

(10-*) 

B r 

(kbar) 

NaF 

2-317 

24-88 

485 

7-671 

0-96 

1-51 

4-28 

465 

NaCI 

2-820 

44-85 

250 

8-289 

3-19 

1 62 

5-70 

240 

NaBr 

2-989 

53-41 

207 

8-463 

1-26 

1-65 

6 12 

199 

Nat 

3-236 

67-77 

159 

8-609 

1-37 

1-71 

6-91 

151 

KF 

2-674 

38-24 

316 

8-116 

(102) 

1-52 

4-57 

305 

KCI 

3-146 

62-27 

182 

8-421 

1-11 

1 49 

4-89 

175 

KBr 

3-300 

71-87 

154 

8-581 

1-16 

1-50 

5-13 

148 

K! 

3-533 

88-20 

122 

8-602 

1-23 

1-54 

5-58 

117 





624 


R. W. ROBERTS and C. S. SMITH 


20* interval from 0°C to room temperature. 
These average C v were adjusted to 295°K by 
the addition of 0-08 cal/mole per degree. 

The most recent ultrasonic workofHaussiihl 
[8] is the source of the adiabatic bulk moduli. 
The B, were computed using the elastic con¬ 
stants reported by Haussiihl at 295°K and 
the relation B, = CJ, — C 44 — C'I3 . Multiple 
sources available for most of the B, show only 
very small differences. Published results from 
this laboratory in four cases show at most a 1 
per cent difference from the values of H aussiihl, 
and this, curiously, for NaCI. In addition, 
HaussiihPs B , differ at most by 2 per cent 
from the original values of Spangenburg[13] 
used by Tosi and others. 

The final column of numbers in the table of 
basic data are the isothermal bulk moduli, B r , 
that are essential in the Born mode! and in the 
equation of state. The B r were obtained using 
the relation B,/B r = I + T/3y. The Griineisen 
constant, y = SlfiBjC,,, and Tfiy are also 
tabulated with the basic data for reference. 

Ultrasonic temperature coefficients of the 
adiabatic elastic constants are also given by 
Haussiihl [8], who measured d\nCldT rather 
than obtaining it from C(T) measurements 
followed by graphical differentiation, A slight 
adjustment of these temperature coefficients 
to 295°K was made since Haussiihl reports his 
values at 0°C. Plots of Haussiihl’s d\nCldT) p 
for C,',, C' and C 44 are given in the Appendix. 
The quantity d\nBjdT),. was computed from 
these values, Haussuhl’s elastic constants, 
and the relation B t = CJ, — C« — C'/3, and is 
shown in Fig. 3. These values of dlnBJdT),. 
are the best available to date, but still show 
some irregularity when plotted against </„. This 
remaining irregularity in the d\nBjdT),, 
manifests itself in later work. 

A temperature coefficient of the bulk modu- 
tus dlnBjdT),. arises from a constant volume 
(intrinsic) temperature dependence d\nBJ 
dT) v and a dependence arising solely from 
changes in crystal volume. These considera¬ 
tions are made quantitative using the selected 
basic data and the identity 



Fig 3 The temperature coefficients at constant pressure 
and at constant volume of the adiabatic bulk modulus. The 
upper curves are the d\nB,ldT) v which result from this 
analysis. The separation between the two coefficients 
represents the contribution to din BJdT),, from purely 
volume effects. 



The separate contributions to the d\nBjdT),7 
are displayed graphically in Fig. 3 for the 
sodium and potassium halides. The dlnBj 
dT) i are found to he small, positive and 
roughly constant at +1 X lO^deg -1 for all 
these materials. The graph reveals that d\nBj 
dT) f . is dominated by the effect of dimension 
changes in all eight cases. 

Values of the intrinisc temperature coeffi¬ 
cient of the isothermal bulk modulus, £ = 
dlnB r ldT) v , are required to make a thermal 
correction in the Hildebrand approximation of 
the Born model where £ appears as the isother¬ 
mal pressure derivative of /3B T . A useful 
relation containing £ is obtained by differen¬ 
tiating the identity 
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B s -B r =^C y y 2 (3) 


and by assuming that y has no intrinsic tem¬ 
perature dependence at room temperature. 
The approximate relation [4] is 


B, d\nB, 
B t dT 


\ 

din C v \ 

)-t~tv 

1+ dlnTJy 


(4) 


The quantity d\nC v ld\nT) v is small compared 
with unity for these materials; it was evaluated 
for a Debye solid using the C v inferred from 
Table 3. The values of £ computed using 
equation (4) are plotted against d 0 in Fig. 4. 

The ultrasonic £ are small, negative and 
roughly the same at -0-7 X 10~ 4 deg -1 for all 
eight materials. They are about equal in magni¬ 
tude to the d\nBjdT) v , but are interestingly 
of opposite sign. The plots of the intrinsic tem¬ 
perature coefficients of B, and B r possess 



Fig. 4. Derived ultrasonic d\nB T ldT) y of the sodium and 
potassium halides vs. nearest neighbor distance. Included 
for comparison are the d\nB 1 -!dT) y obtained from the 
compression data and commonly used in the Hildebrand 
approximation. 


irregularity that may be traced directly to the 
experimental dlnB,ldT) P in Fig. 3. The 
remaining irregularity in the d\nB T ldT) v 
appears to be large only because the quantity 
itself is so small; it cannot be removed by any 
adjustment of the input data that we would 
care to defend. 

The values of £ reported in this work are 
derived from the results of ultrasonic measure¬ 
ments. Values of £ for these materials may 
also be calculated using compression measure¬ 
ment data quoted by Tosi[l]. The compres¬ 
sion values of £ are included in Fig. 4 for 
comparison. These vary widely from large 
positive to small and even negative values. A 
curious singularity occurs for NaCl where the 
one negative value is in good agreement with 
the ultrasonic £. Clearly the ultrasonic £ are 
preferable; their use in the Bom model has 
surprising consequences. 

The final derived quantity of interest is the 
pressure derivative of the isothermal bulk 
modulus, dB T !dP. This number will be shown 
in a later section to provide a very critical test 
of possible expressions for the lattice potential. 
The required equation is 


dBr\ M,\ f K -I'nCj 1 

w)r-dp)r- Tf,y V-J~^v)A- IS) 


This has been shown to be exact by Swenson 
[4] and is mostly in terms of quantities known 
as a result of this investigation. The d In C v l 
din V) T are small and were evaluated for a 
Debye solid using the relation 


dlnC t ^ dlnC^ 
~d\nV ) T = ^~d\nT ) v ' 


The dB T ldP and the contributions to equation 
(5) are given in Table 4. As usual, there is 
little difference between the (isothermal) pres¬ 
sure derivatives of the isothermal and adia¬ 
batic bulk moduli. In all eight materials, the 
dB r ldP is larger in magnitude than dB,ldP by 
about 2T/3y. This difference is to be com¬ 
pared with the plausible first approximation 
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Table 4. The pressure derivatives of the iso¬ 
thermal bulk moduli as computed using 


equation (5). 295° K, zero pressure 



dB T \ 

<iP It 


dB,\ 

dPlr 

+ 

Tfiyl ] 

NtiF 

y '25 

- 

5-18 

+ 

007 

NaC'J 

5-38 


5-27 

+ 

Oil 

NaBr 

.V44 


5-29 

+ 

0 15 

Nal 

5 58 

= 

5-40 

+ 

018 

Kt- 

5-38 

=S 

5-26 

+ 

012 

KCI 

5-46 

— 

5-34 

+ 

012 

KBr 

5-47 

= 

5-38 

+ 

0 09 

Kl 

5-56 


3-47 

+ 

009 


made by Swenson(41 that dB r /dP) r -dBj 
dP) T - T(iy. 


BORN MODEL 

Several purely volume-dependent expres¬ 
sions for the lattice energy of an ionic solid 
have been referred to collectively as the Born 
model. The simplest of these are of the form 


WMK) = - 


oe*(V»\ m 

d n \v) 


+ W u k V), 


(7) 


where the first term on the right is the Coulomb 
energy of the ionic lattice per molecule and a 
is Madelung’s constant. The repulsive 
energy, W Kl ,( V), arises principally from the 
repulsive overlap of nearest neighbor electron 
clouds, but in this work will represent the 
composite of all non-Coulomb energies, both 
attractive and repulsive, that are present in the 
real lattice. The forms that have been used for 
W Rl ,( V) are the power law and the exponen¬ 
tial law, which are respectively 


WrlIV)=A 



and 


W Kl ( V) = D exp 



( 8 ) 


(9) 


Values of the empirical parameters A, n, D, 
and p have been published elsewhere [1], A 


restudy of these will be made in this section 
using the more recent ultrasonic data to 
replace the compression data that has pre¬ 
viously been used in their evaluation. An 
examination of the one parameter n, similar to 
that made of f = d\nB T ldT) v , will provide a 
satisfactory illustration of the differences 
between ultrasonic and compression Bom 
parameters; the other parameters can be 
quickly obtained once n is known. The latter 
part of this section will provide a critical com¬ 
parison of the alternatives for W RL presented 
by equations (8) and (9), which is made pos¬ 
sible with the aid of the ultrasonic values of 
dBr/dP. 

The equations involving W,. needed to 
evaluate the repulsive parameters follow from 
an approximate expression for the Helmholtz 
free energy 

A{V,T) = W L (V)+ W VIB {T)~ TS{V,T) (10) 

in which the vibrational energy of the lattice 
has been assumed to be purely temperature 
dependent. The Hildebrand equation is the 
isothermal volume derivative of equation (10) 
and is written as 

dW, 

r=~-jy+Tt3B T ( 11 ) 

with use of the identity dP/dT) v = (3B r . This 
is properly speaking, an equation of state in 
the Hildebrand approximation, a fact which 
will be pursued in detail in the next section. 
For the present a second equation is needed. 
Use of equation (II) and the definition of the 
isothermal bulk modulus B T = — dPldlnV) T 
yields 


b t= v ~^ + {TB t . ( 12 ) 

The term (TB t , where f = d\nB T !dT) v , 
follows at once from the differentiation of 
TBBt by using dPldT) v to replace /3B r and 
interchanging the order of differentiation. 
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The thermal contributions to these equa¬ 
tions are relatively small. The thermal pres¬ 
sure, Tf3B T , has values of 3-15 kbar for the 
materials being studied. The volume deriva¬ 
tive of the thermal pressure gives a thermal 
contribution to B T in equation (12) which 
amounts to — 2 per cent of B T for a typical 
value of f = — 0-7 x 10 _4 deg _1 . 

Equations (11) and (12), when evaluated at 
zero pressure, are the two simultaneous equa¬ 
tions needed to evaluate two repulsive 
parameters if either the power law or the 
exponential law is used for W Ri .. The solutions 
are 


/ d 0 \ ate 1 

An = D {^)~ iX ~ T ^ (,3) 

(14) 


4.- n+1 - 4 + 3A{l-m 
p [1 — T(3A] 2 


where the quantity A = 3 il 0 B T Hae 2 ld a ) and 
all other quantities appearing in these equa¬ 
tions have been evaluated at zero (atmo¬ 
spheric) pressure. The term [1 — T/3A] arises 
through use of equation (11) and because 
of a non-zero thermal pressure is about 10 per 
cent less than unity. The term {1 —£7} enters 
through the expression for the bulk modulus 
and is typically 2 per cent greater than unity. 
If thermal corrections were neglected, the 
brackets would reduce to unity with djp = 
2 + 3 A, the uncorrected result. 

The values n + 1 that were computed from 
equation (14) with the aid of the selected 
basic data in Table 3 and with the ultrasonic 
values of £ are shown in Fig. 5. Also shown in 
the figure are the values of n + 1 for these 
materials that have been computed from the 
values of p quoted by Tosi[l] who used com¬ 
pression data (equivalent to £) to make the 
necessary thermal correction to equation (34). 
The comparison reveals that with the excep¬ 
tion of NaCl, the ultrasonic n are systemati¬ 
cally higher than the compression n. The 
almost linear upward trend that the ultrasonic 
values show throughout both halide sequences 
is a marked improvement over the compres¬ 



Fig. 5. Born model repulsive parameters, djp = n+ 1. for 
the sodium and potassium halides vs. nearest neighbor 
distance. Values using both ultrasonic and compression 
t/ln B r ldT)y in the Hildebrand approximation are shown. 

sion values, especially in the sodium sequence. 
The parameter £ is in a large part responsible 
for these differences. The compression values 
of {1— %T) are mostly less than unity by 
occasionally 10 per cent with fluctuations in 
accordance with Fig. 4. A close comparison 
of Fig. 4 and Fig. 5 reveals that in fact much 
of the observed irregularity in £, Fig. 4, carries 
over to Fig. 5 in both compression and ultra¬ 
sonic versions. The singular ultrasonic-com¬ 
pression agreement in £ noted earlier for NaCl 
is clearly seen again in Fig. 5. 

Values of A and n for the power law form of 
W RL are given in Table 5. The values of the 
exponential law parameters follow quickly 
from the relations d 0 /p — n+ 1 and D =Anl 
(n+ 1). 

A critical test of an expression for the lattice 
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Table 5. The power law repulsive 


parameters 



A 

(10 -1J erg molecule 

n 

') 

NaF 

2-139 

7-68 

Nad 

1-510 

8-73 

NaBr 

1-339 

9-21 

Nal 

1-145 

9-81 

KF 

1-576 

8-91 

KCI 

1-193 

9-86 

KBr 

Hit 

10-02 

K1 

0-993 

10 38 


energy is the value of dB T tdP predicted by 
the expression at zero pressure because dB T l 
dP corresponds to the third volume deriva¬ 
tive of the lattice energy and hence is heavily 
weighted by the short range interaction. The 
first and second volume derivatives (corres¬ 
ponding to the pressure and bulk modulus, 
respectively) are automatically satisfied at 
zero pressure by either choice of repulsive 
potential, since these derivatives have been 
used to determine the repulsive parameters. 
Such a test is made possible by the availability 
of the ultrasonic dB r ldP in Table 4. 

Differentiation of equation (12) with respect 
to pressure gives an analytic expression for 
dB T ldP as a function of volume. If the ther¬ 
mal contributions to P, B, and dB r jdP are 
neglected and if the power law is used for 
W Mi ( V), the result evaluated at zero pressure 
is the extremely simple expression 


The exponential law yields an expression for 
dBrldP at zero pressure which is non-linear in 
djp and slightly more complicated. If thermal 
effects are included, a typically 3 per cent 
larger prediction of dB r /dP results, but the 
expressions for dBj/dP are considerably more 
complex, and not functions of n (or djp) 
alone. 

The comparison with experiment of the 
power law and exponential law predictions of 
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dBrldP is made in Fig. 6 where the abscissa is 
djp = n + 1. The power law prediction is 10 
per cent larger than the exponential and of 
course varies linearly with n. The magnitudes 
of the ultrasonic values of dB T ldP are pre¬ 
dicted well enough by the models, with the 
power law being perhaps a trifle better. But 
the trend of the experimental dB T ldP differs 
quantitatively from the trend of the model 
curves, the experimental dB r ldP being nearly 
invariant to n, with an average value of 5-4. 
Theory and experiment thus dilfer systemati¬ 
cally as n increases within each halide 
sequence. The difference is most pronounced 
at small n values. For NaF the power law and 
the exponential law predictions fall below the 
ultrasonic dBjdP by 10 per cent and 20 per 
cent respectively. 



Repulsive Porometer, -^■■n-t-l 


Fig. 6. The ultrasonic dB T tdP of the sodium and potas¬ 
sium halides vs. repulsive parameter djp = n+ I. The 
solid curves are the power law and the exponential law 
predictions of dB T ldP. 

We have ignored thermal corrections in 
equation (15) and hence in the ordinates of the 
model curves of Fig. 6 because a detailed 
examination showed that there was much 
cancellation of them leaving only a residual 
that could be estimated to be small. This does 
not mean that thermal effects are absent in 
Fig. 6 ; they are present in the abscissa of that 
figure! The data ordinates of course include 
the residual thermal effect and the points have 
been plotted against djp = n- 1-1 values that 
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fully take account of thermal effects, Table 5. 
It should be noted that had the compression 
parameters of Fig. 5 been used in Fig. 6, the 
data would have plotted far less smoothly, the 
sodium sequence would not even have been 
monotonic, and the discrepancy between 
experiment and model in NaF would have been 
doubled. 

This comparison with experiment of the 
power law and exponential law predictions of 
dB T /dP does not distinguish between the two 
forms for W RL as we had hoped. It does dis¬ 
play the intrinsic differences between the two 
versions of the repulsive energy and this 
difference recurrs in the equation of state to be 
discussed next. 

EQUATION OF STATE 

Ultrasonic data and derived parameters 
including when used with the Bom model, 
should provide improved estimates of the 
V(P) relations for ionic solids to pressures of 
the order of the bulk modulus. Direct X-ray 
measurements by Drickamer[2] and co¬ 
workers make possible comparisons of these 
ultrasonic Born equations of state with experi¬ 
ment for NaF, NaCl andNal. 

The required analytic expressions follow 
from the Hildebrand equation (11) of the pre¬ 
vious section after the repulsive parameters 
have been, determined by the use of it and 
equation (12) evaluated at zero pressure. In 
this section, we shall be concerned exclusively 
with the isothermal bulk modulus which will 
here be denoted simply by B when it is a 
function; B 0 will denote its value at zero 
pressure and similarly for other quantities. 
Pressures are conveniently expressed in 
terms of the reduced pressure, PlB 0 , which is 
obtained by combining the Hildebrand equa¬ 
tion with the evaluated form of equation (1 i). 
The exact expressions are, 


P _ 1 
A 


[ 1 - 



+ Tf3 


B_ 

So 


(16) 


for the power law and 

+ TP&- (17) 

for the exponential law. The quantity A = 
itl 0 B 0 /iae' l ld 0 ) has been evaluated at zero 
pressure. The thermal pressure, T / 3B , is for¬ 
mally volume dependent in these equations 
and this volume dependence has been taken 
into account in equation (12), where the volume 
derivative of T jS B appears as a thermal con¬ 
tribution to the bulk modulus. The volume 
variation of T(SB has been ignored, however, 
in computing P/fi,, from equations (16) and 
(17). 

The comparisons of these Hildebrand equa¬ 
tions of state for NaF, NaCl and Nal with 
Drickamer’s X-ray data are made in Figs. 7,8 
and 9. Drickamer tabulates smoothed data in 
the form P vs. VIV 0 \ the values PIB 0 have been 
calculated using the ultrasonic bulk moduli. 
If the graphs are superimposed, the smoothed 
compression data in reduced form are found 
to be surprisingly invariant among these three 
materials that have widely different bulk 
moduli. The origin of the slight scatter in the 
smoothed NaF compression data is not known. 

The two versions of the reduced Hildebrand 
equation are also shown in the figures. They 
must begin together at zero pressure and have 
the same zero pressure slope. This initial 
slope is B n d{VIV a )ldP evaluated at zero 
pressure and by definition of B a should have a 
value of - 1. The actual slopes differ slightly 
from — 1 because of a small effect noted later. 
At high pressures, however, the power law 
consistently falls above the exponential. This 
difference is about 15 per cent of the pressure 
at P/B 0 = 1. That a power law predicts a more 
incompressible solid at high pressures is to be 
expected from Fig. 6, where it is observed that 
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Fig. 7. The Hildebrand equation of state of NaF for the 
power law and the exponential law. All required repul¬ 
sive and thermal parameters were evaluated using ultra¬ 
sonic data. 



Fig. 8. The Hildebrand equation of state of NaCI for the 
power law and the exponential law. All required repulsive 
and thermal parameters were evaluated using ultrasonic 
data. 

the power law also predicts about a 10 per cent 
larger dB/dP than does the exponential law. 
The PlB 0 values given by the power law 


equation of state at a given VlV 0 , e.g. 0 7, 
increase in the order NaF, NaCI, Nal, which 
is the same order as the n values and hence of 
the Born model dB/dP given by (n + 7)/3 for 
these three materials. A similar trend among 
the exponential law curves is also observed. 
This trend toward larger predicted P/B 0 in the 
sequence is in contrast to the approximate 
invariance of the reduced X-ray data, and of 
the experimental ultrasonic dBldP. 

Leaving aside these details, the overall 
agreement with experiment is fairly good, con¬ 
sidering the magnitude of the pressure at 
which modest failure begins to occur. The 
power law equation fits the Nat data well, 
though it falls low at the higher pressures. 
The exponential fits the NaCI data very well 
indeed. The power law and exponential law 
curves both fall slightly high, however, with 
respect to the Nal data. 

Several alterations of the foregoing analysis 
could conceivably reconcile these ultrasonic 
equations of state with experiment, or per¬ 
haps significantly affect the observed trends. 
The effect of possible experimental error in 
the various input data —especially the bulk 
modulus —ought to be considered. Van der 
Waals energy terms arising from dipole- 
dipole and dipole-quadrupole interaction 
energies could be included in the expression 
for W, . The pressure variation of T/3B. hereto-^ 
fore neglected, should be dealt with as a pos¬ 
sible source of systematic error, and the 
Mie-Gruneisen equation of state could be 
used in place of the Hildebrand equation. 

As for the bulk modulus, values of B„ deter¬ 
mined from independent measurements in 
this laboratory differ very slightly from the B , 
of Haussiihl, the largest discrepancy being 1 
per cent in NaCI. It may be shown that 
+ AP/P = + 2(AB 0 /B„) at m„= 1. A 1 per 
cent error in B 0 would thus induce only a 2 
per cent error in the pressure. Any alteration 
of B 9 to another acceptable ultrasonic value 
would at best lead to a slight improvement in 
NaCI and NaF and a very slight worsening in 
Nal. 
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Fig. 9. The Hildebrand equation of state of Nal for the power law and the 
exponential law. All required repulsive and thermal parameters were 
evaluated using ultrasonic data. 


The inclusion of Van der Waals terms in 
W L leads to equations of state for Nal which 
predict 5 kbar smaller pressures at P/B 0 = 1. 
This 3 per cent improvement for Nal was 
determined by comparing equations of state 
both with and without the Van der Waals 
inclusion. The correction will always be nega¬ 
tive and will be even smaller in Nah and 
NaCl where the Van der Walls coefficients 
are much smaller. 

No account has been taken of the pressure 
variation of Tf3B in constructing the graphs, 
because the precise manner in which /3 B 
varies at high pressure is not known. The 
ultrasonic d(TfiB)ldP, which equals£T, is at 
most —0 03 for NaF, NaCl and Nal. In the 
(low) range of pressures where TfSB varies 
linearly with pressure, the change in T/3B due 
to its pressure variation will beA7'/3fl = f77’ 
or a 3 per cent negative correction to P/B 0 . 
The neglect of this variation has therefore 
made the initial slope of the plotted curves 3 
per cent smaller in magnitude than the correct 
value, — 1. 

The Mie-Gruneisen equation is appropriate 


as an alternative to the Hildebrand equation 
in the case of materials with high Debye tem- 
peratures[l]. The Mie-Gruneisen pressure 
was computed for NaF at K/F„ = 0-8 using 
the repulsive parameters quoted by Tosi and 
was found to be 10 kbar less than the Hilde¬ 
brand pressure computed on the same basis. 
This result is only a 2 per cent change in 
PlB 0 and the use of the Mie-Gruneisen equa¬ 
tion surprisingly would worsen the agreement. 
Even though NaF has the highest Debye tem¬ 
perature of these three materials, this altera¬ 
tion of the Born model is minor in its effect on 
the equation of state. 

Hildebrand equations for NaF. NaCl and 
Nal in the exponential version previously 
have been compared with the X-ray data by 
Drickamer et al.[ 2]. Their treatment included 
Van der Waals terms, and used different input 
data in some cases, but the most noteworthy 
difference between Drickamer’s analysis and 
the present one is their use of the compression 
values of the temperature and pressure varia¬ 
tion of the compressibility (equivalent to £) 
quoted by Tosi. For NaCl, compression £ 
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and ultrasonic f arc seen to be in good agree¬ 
ment in Fig. 4. whereas the NaF and Nal 
ultrasonic ( differ considerably from the com¬ 
pression values which are positive and com¬ 
paratively quite large. It is not surprising then 
that the NaCI equation of state (exponential) 
obtained by Drickamer differs little from the 
ultrasonic equation of state deduced from this 
work. Both fit the data well. 

Drickamer was unable to obtain a NaF fit. 
however, in contrast to the reasonable ultra¬ 
sonic fit of Fig. 7. This large discrepancy 
between the present NaF analysis and that 
performed by Drickamer is believed to lie in 
the pressure variation of the thermal pressure 
TfiB. If the pressure derivative. T£. of the 
thermal pressure corresponding to a large ^ — 
6-2x10 ~ 4 deg 1 is included in equation (12) 
but the pressure variation neglected in equa¬ 
tion (II), the initial slope of equation (17) 
would in magnitude be 18 per cent larger than 
— I. Drickamer’s NaF curve has a slope at 
zero pressure which differs from - 1 by nearly 
this amount. We too have included the deriva¬ 
tive and neglected the variation of TfiB in our 
analysis, but the ultrasonic 7£ is small (and 
of opposite sign) as already noted. 

This same situation exists for Nal. where 
the compression f = +4-7 x 10~ 4 deg~‘ is posi¬ 
tive and quite large compared with the ultra¬ 
sonic value. Contrary to the foregoing argu¬ 
ment however, the Drickamer treatment 
agrees very well with the X-ray data. There is. 
however, another major difference between 
Drickamer’s analysis of Nal and the present 
one. The bulk modulus Drickamer used in 
obtaining the repulsive parameters was 167 
kbar in contrast to the 10 per cent smaller 
ultrasonic value of 151 kbar used in this work. 
This difference is nearly sufficient to compen¬ 
sate for the effect of neglecting the variation 
with pressure of T/3 B in equation (II). It is 
interesting to note that Drickamer expresses 
surprise both at his failure to fit the Born 
model to NaF and at his success with Nal. 
The present analyses reverse the situation. 

In summary, the ultrasonic Bom equations 


of state in the Hildebrand approximation 
agree reasonably well with X-ray data when 
the ultrasonic values of | and B 0 are used, 
especially in view of the magnitude of the 
pressures to which the comparison is made. 
The possible modifications to the treatment, 
described above, result only in nominal shifts 
of the equations of state relative to the data 
and these shifts have neither the correct 
signs nor magnitudes to reconcile significantly 
the remaining discrepancies between the 
model and the data. The largest alteration in 
the Flildebrand equation for a given material 
occurs in the switch from an exponential to a 
power law repulsive energy. The equation of 
state comparison does not, however, distin¬ 
guish between the two laws for these three 
materials as a group, just as the dB r ldP com¬ 
parison failed to distinguish between them for 
the whole group of eight. The slight trend 
away from better power law agreement in 
NaF toward better exponential law agreement 
as one progresses through the sodium halide 
sequence is perhaps significant. It suggests 
that a repulsive energy of a different form , 
probably involving more than two empirical 
parameters, is needed to obtain a higher 
degree of refinement. 

We conclude this section with some remarks 
on the Murnaghan equation of state (MES) 
which is wholly phenomenological and is_ 
based on the assumption that the bulk modulus 
can be represented adequately by a linear 
function of the pressure, B(P) = B 0 (l+ Bo 
PIB 0 ). where Bf, is the dB T ldP of this paper. 
Anderson[3] has used the MES. among 
others, in conjunction with ultrasonic B 0 and 
B' () to extrapolate T(P) to high pressures. He 
has in fact published a comparison of experi¬ 
mental V{P) data with the MES based on the 
same ultrasonic data of Bartels and Schuele 
[6] used for NaCI in this paper. This compari¬ 
son and those for other materials are very 
good up to pressures given by P/B 0 s The 
MES follows from the integration of the 
definition of the bulk modulus under the 
assumption stated, and in reduced form is 
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The MES in the reduced form used in this 
paper is thus a function of B' 0 alone. We have 
already remarked that B' 0 is essentially the 
same for all the sodium and potassium halides; 
moreover the reduced MES is insensitive, at 
PIB 0 < i, to the small although systematic 
variation in B' 0 among materials shown in 
Table 4 and Fig. 6. It follows that the reduced 
MES is the same for all these alkali halides 
and is, in effect, a law of corresponding states, 
an observation for which we are indebted to 
our colleague O. K. Rice. 

It has already been remarked that the V(P) 
data of Drickamer et al.[ 2] for NaF, NaCI and 
Nal superimpose fairly well when plotted in 
reduced form; however, close inspection 
shows that the NaF smoothed points. Fig. 7, 
lie systematically a bit higher than those for 
the chloride and iodide. The "universal’ 
reduced MES fits best just these NaF data 
points and hence is systematically high by a 
small amount with respect to NaCI and Nal. 
The point may or may not be significant, but is 
at least a good way of remembering a small but 
systematic discrepancy. 
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APPENDIX 

The temperature coefficients at constant pressure and 
at constant volume of adiabatic elastic constants C' u . C' 
and C 44 are given in Figs. 10, 1 I and 12. The values of 
dinCldT ), were computed at 295°K using Haussiihl’s 
dlnC/dT),. and the identity 


dlnO 

dlnC\ 

</lnC\ 

dT , 

dT , 

>, ^ dP h 



Nearest Neighbor Oietonce (A) 

Fig. 10. The temperature coefficients of the adiabatic 
elastic constant C|, of the sodium and potassium halides 
at 295°K vs. nearest neighbor distance. 
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Fig. II. The temperature coefficients of the adiabatic 
elastic constant C' of the sodium and potassium halides 
at 29.VK vs. nearest neighbor distance. 


The dinCldT), are negative in all cases and small, 
especially the longitudinal dinC'JdT), that are nearly 



Fig. 12. The temperature coefficients of the adiabatic 
elastic constant C, 4 of the sodium and potassium halides 
at 295°K vs. nearest neighbor distance. 


zero. The graphical separation of the two coefficients 
represents the contribution to dinCldT),, resulting from 
the volume change owing to thermal expansion. This 
effect dominates the constant volume effect for CJ, andC', 
but not for C 44 . Specifically, the dinCldT), of the potas¬ 
sium halides are larger in magnitude than the d\nC,J 
dT) t because the dC'uIdP of this sequence are negative. 
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MAGNETIC PROPERTIES OF ACr 2 Se 4 (A = Fe„ Co, Ni) 

AND NiCr 2 S 4 * 

B. L. MORRIS^, P. RUSSO and A. WOLD 

Department of Physics and Chemistry, and Division of Engineering, Brown University, Providence 

R.l. 02912. U.S.A. 

(.Received 28 July 1969) 

Abstract —The magnetic susceptibilities of ACr 2 Se 4 (A = Fe. Co, Ni) and NiCr 2 S, are reported. 
CoCr 2 Se 4 has a sharp peak in its susceptibility at 199°K and the other three compounds have broad 
maxima in their susceptibilities between 210 and 270“K. The unusual shapes of the thermomagnetic 
curves are explained as a result of competing antiferro- and ferromagnetic interactions. 


INTRODUCTION 

Recently, the electrical and magnetic proper¬ 
ties have been reported [ 1-4j for a number of 
isostructural transition metal chalcogenides 
with the formula AB 2 X 4 (A = Fe, Co, Ni: 
B = Ti, V; X = S, Se) and the Cr 3 S 4 structure 
[5], All of these compounds show metallic 
conductivity and small, negative Seebeck 
coefficients typical of metals. It has also been 
shown that magnetic ordering occurs in those 
compounds where A = Fe; FeTi 2 S 4 has com¬ 
plex magnetic properties[31, while the other 
three materials are antiferromagnetic [2], 
Pauli paramagnetic behavior was observed 
for those compounds where A = Ni or Co. 

Neutron diffraction studies have shown that 
the compounds FeCr 2 Se 4 [6] and NiCr 2 S 4 [7] 
are antiferromagnetic at 4-2°K. However, 
the thermomagnetic curve of NiCr 2 S 4 does 
not resemble that of a 'classical’ antiferromag¬ 
netic compound [8]. The susceptibility does 
not have a sharp peak at the Neel point and 
does not show Curie-Weiss behavior above 
this point. It is of interest, therefore, to extend 
these studies to include the thermomagnetic 
curves for the compounds ACr 2 Se 4 (A = Fe, 
Co, Ni) all of which have the Cr 3 S 4 structure. 


♦This work was supported by A.R.P.A. and the U.S. 
Army Research Office, Durham. 

tNow at N.A.S.A. Electronics Research Center. 
Cambridge. Massachusetts, U.S.A. 


In addition, the magnetic properties of NiCr 2 S 4 
are presented. 

FeCr 2 S 4 and CoCr 2 S 4 normally crystallize 
with the spinel structure. However, it has been 
found that when they are subjected to a pres¬ 
sure of 10 bars at 530 D C, they transform to the 
Cr 3 S 4 structure. In this form they show anti¬ 
ferromagnetic behavior[8], whereas in the 
spinel phase they are ferrimagnetic [9]. 

The Cr 3 S 4 structure is intermediate between 
the NiAs(B8,) and Cdl 2 (C6) types and the 
comparison is shown in Fig. 1. The NiAs 
structure has all the octahedral sites in the 
close-packed hexagonal anion sublattice 
occupied by cations, whereas in the AB 2 X 4 
(Cr 3 S 4 ) structure one quarter of the cations 
are removed and the resulting vacancies con¬ 
fined to alternate metal layers, and ordered 
within these layers. The holes occur in layers 
perpendicular to the c axis and this is shown in 
Fig, 2. 

EXPERIMENTAL 

The materials were prepared by reaction of 
stoichiometric amounts of the high-purity 
elements* in evacuated silica tubes. Three 
successive oneweek firings at 800°C, with 
intermediate grindings, were necessary to 
achieve homogeneity. In order to prepare 


♦Spectroscopic grade Fe, Co, Ni, Cr, S, Se was obtained 
from Gallard-Schlesinger Corp., New York. 
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(i) (10 (NO 

Fig I. Comparison of Cr ; iS« structure (ii) with NiAs (i) and C dl. 2 (lii). 



Fig. 2. Cation substructure of ACr 2 Se 4 (A = 
Fe. Co. Ni). 


samples suitable for electrical measurements, 
the products were pressed into bars at a 
pressure of 10,000 psi and then sintered in 
evacuated silica tubes at 800°C for 10 days. 

Crystallographic parameters were deter¬ 
mined on powder samples using a Norelco 
diffractometer with monochromatic radiation 
(AMR-202 focusing monochrometer) and a 
high-intensity copper source. 

The magnetic measurements were per¬ 
formed on a Faraday balance which has been 


described elsewhere [10]. Measurements were 
made between 5 and 300°K in fields up to 10 
kOe. Electrical resistivity measurements were 
made between 80 and 300°K using a Keithley 
model 503 milliohmeter. Seebeck measure¬ 
ments were made using a cold junction at 0°C 
and a hot junction at about 40°C. 

RESULTS 

The lattice parameters and Seebeck coeffi¬ 
cients are given in Table 1. Every peak in the 
X-ray patterns for the ternary chalcogenides 
could be indexed on a monoclinic cell. All 
observed reflections satisfy the conditions 
h + k + 1 — 2n (n == integer) which is required 


Table 1. Monoclinic lattice parameters and 
Seebeck coefficients 


Compound 

a 

(A) 

h 

(A) 

c 

(A) 

P 

(deg) 

a 

(u.v./deg) 

FeCr 2 Se 4 

6-27 

3 62 

11-85 

90-92 

41 

CoCr 2 Se 4 

6-27 

3-62 

11-62 

90-75 

-37 

NiCr 2 Se 4 

6-22 

3 59 

11-53 

91-00 

-21 

N*Cf 2 S 4 

5-94 

3-42 

11-14 

91-30 

-117 
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by the space group 12/ra[l], The cell para¬ 
meters are in agreement with those reported 
by Jellinekfl] and Chevretonfl 1]. No trace 
of a second phase was evident in the X-ray 
patterns of the products. 

The magnetic susceptibility curves are 
shown in Fig. 3 and Fig. 4. CoCr 2 Se 4 exhibits 
a sharp peak in x(T) at 199°K. Above this 
temperature the susceptibility decreases with 
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Fig. 3. Magnetic susceptibilities of FeCr 2 Sc< 
andCoCr*Se 4 . 


X (emu/g) 



Fig. 4. Magnetic susceptibilities of NiCr,Se 4 and 
NiCr 2 S 4 . 


increasing temperature, but 1 1\ vs. T does not 
give a straight line, and so cannot be used to 
determine a paramagnetic moment. The sus¬ 
ceptibility of FeCr 2 Se 4 has a maximum near 
260°R, and that of NiCr 2 Se, has a broad maxi¬ 
mum near 210°K. The susceptibility of 
NiCr 2 S 4 reaches a maximum from 220 to 
270°K and in this range the susceptibility is 
independent of temperature. At lower tem¬ 
peratures, 5°K to about 130°K, the suscepti¬ 
bilities of all four compounds increase as the 
temperature decreases, but xl^) does not 
obey the Curie-Weiss law in this region. 

DISCUSSION 

The electrical resistivity measurements 
were made on pressed, sintered bars, and semi¬ 
conducting behavior was observed for all 
four compounds. However, the activation 
energies observed, about 0 01 eV, were much 
smaller than those usually measured for semi¬ 
conducting compounds. Since well sintered 
bars were not obtained, the results may be, in 
large measure, caused by grain boundaries. 
The Seebeck voltages shown in Table 1 are 
not influenced by grain boundaries, and appear 
to be somewhat higher than those usually 
reported for metallic materials. 

Neutron diffraction studies on FeCr 2 Se 4 [6] 
and NiCr 2 S 4 [7] show that they are antiferro¬ 
magnetic at 4 2°K_with a spin propagation 
vector ky = (i, 0, £). The direction for the 
spin s for NiCr 2 S 4 is 0 — 45° and <f> — 58°, 
where 0 is the angle of s with (101), and 90°-<j!> 
is the angle with b of the projection of s on 
(101). For FeCr 2 Se 4 0 = 55° and = 0°, that 
is s is nearly along the c axis (0 = 61° 55', = 

0°). In NiCr 2 S 4 the measured moment is 
reduced by 30 per cent with respect to the 
spin-only moment, and in FeCr 2 Se 4 the reduc¬ 
tion is 14 per cent. Covalent mixing is given 
as the reason for these reductions. 

In the absence of neutron diffraction data, 
it is difficult to interpret completely the results 
presented in this paper. However, the thermo- 
magnetic curve for NiCr 2 Se 4 is so similar to 
those of NiCr 2 S 4 and FeCr 2 S 4 that it is un- 
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doubtedJy also antiferromagnetic. CoCr 2 Se 4 , 
which has a sharp peak in the thermomagnetic 
curve at 199°K is also believed to be antiferro¬ 
magnetic, since the rise in the susceptibility 
below I60°K is also present in the other three 
materials. 

Andron and Bertaut[7] have shown that the 
total exchange integral in NiCr 2 S 4 may be 
written as the sum of five different super¬ 
exchange interactions. The experimentally 
determined magnetic structure is stable only 
if certain of these interactions are negative 
(antiferromagnetic) and the others positive 
(ferromagnetic). It is probable that the unusual 
shapes of the thermomagnetic curves found 
for NiCr 2 S 4 and the related selenides result 
from such competing interactions. 
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Abstract-Electronic defects and their relation to nonstoichiometry in CojSiO, and in CoAUO,- 
MgAl 2 0 4 crystalline solutions were established by tensi-volumetric measurements between oxygen 
partial pressures of 2.10“' and 10~ 4 atm in the temperature range 1100-1I50°C. The results were 
consistent with doubly ionized cobalt vacancies and an equivalent number of electron holes. For an 
oxygen partial pressure of 1 atm and a temperature of about 1150°C, the mole fraction of cobalt 
vacancies (8) in Co 2 - # Si0 4 and Co,_ 4 A1 2 0, was approximately I0“* and 10~\ respectively. There was 
an exponential decrease in vacancy and defect electron concentration with increasing MgAl t O, 
content in crystalline solutions with CgAI 2 0, at constant p a ,. The standard free energy change for 
the defect reaction increased linearly in this quasibinary system with the mole fraction of MgAI 2 O v 


1. INTRODUCTION 

In the last few years point defect thermo¬ 
dynamics has been extended from the case of 
binary compounds to ternary ionic crystals 
[1,2]. Especially through the application of 
electrical conductivity measurements, self 
diffusion measurements and coulometric titra¬ 
tion the most probable types of disorder have 
been elucidated in several ternary compounds 
[3-6]. 

In this paper, a comparison is made between 
the nature of electronic defects in Co 2 Si0 4 
crystallizing in the olivine structure, and 
C 0 AI 2 O 4 crystallizing in the spinel structure. 
Furthermore, the effect of a replacement of 
Co 2+ by Mg 2+ on electronic defects in the 
crystalline solution CoAl 2 0 4 -MgAl 2 0 4 is 
studied. 

It has been ascertained that the ionic major¬ 
ity defects in CoA1 2 0 4 consist of Co-vacancies 
and Al-interstitials, in agreement with other 
aluminates[3]. Therefore, it is possible to 
dissolve A1 2 0 3 in cobalt aluminate to a certain 
degree which is temperature dependent. X- 
Ray intensity measurements [7] show that 
CoA1 2 0 4 is essentially a normal spinel below 
1100°C, with Co 2 + (3<f) and A! 3+ ions occu¬ 
pying tetrahedral and octahedral lattice sites in 


the almost close packed oxygen ion structure 
of the spinel lattice, respectively. The struc¬ 
ture of Co 2 Si0 4 can be described as isolated 
SiCV“-tetrahedra linked by Co 2+ ions which 
are in an octahedral oxygen environment. A 
deviation from the metal to nonmetal ratio 
3:4 in these ternary oxides will result in 
electronic defects in the same way as is gener¬ 
ally accepted for the binary transition metal 
oxides, e.g. Co^eO. In both cases this devia¬ 
tion from stoichiometry is a function of the 
oxygen partial pressure. For cobalt oxide it is 
known that at high defect concentrations and 
low temperatures, single ionized cation vacan¬ 
cies and electron holes in the form of Co 3+ - 
ions are present, whereas at small defect 
concentrations doubly ionized vacancies and 
a corresponding number of holes are present 
[5, 8 ,9]. The defect concentrations in most 
cases are too small to be detected quantita¬ 
tively by chemical analysis. Hence, physical 
methods are employed to study the electronic 
defect concentrations, i.e. optical or electrical 
measurements. 

By analogy one may expect that CoAI 2 0 4 
and Co 2 Si0 4 exhibit the same kind of elec¬ 
tronic defects as does Coi_ g O as a function of 
the oxygen partial pressure po»- It is appro- 
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priate to indicate this by Co,_ 8 A1 2 0 4 and 
Co 2 _ 8 Si0 4 . The concentration of electronic 
defects, however, should be lower in the 
ternary compound as compared with Co,_ 8 0. 
This is because in the ternary compound a 
cobalt cation has fewer Co-nearest neighbours 
which are at greater distances, and therefore 
there is a reduction in the resonance stabiliza¬ 
tion of the electronic defects as discussed by 
Zint)[10]. 

The present investigation shall establish the 
nature as well as the equilibrium concentra¬ 
tions of the electronic defects in Co,_ 8 AI 2 0 4 
and (Co, Mg)i_ 8 Al 2 0 4 , both equilibrated with 
Alio.,, and in Co 2 _ 8 Si0 4 , equilibrated with 
Si0 2 , as a function of the oxygen partial 
pressure. In this way all independent thermo¬ 
dynamic variables are unambiguously fixed. 
In order to accomplish the investigation a 
symmetrical tensi-volumetric apparatus 
according to Meurer was constructed! 11] 
which accurately can measure a 10~ 7 change 
in the number of moles of oxygen. 

2. EXPERIMENTAL PROCEDURES 

CoO was prepared by the decomposition 
of analytical grade Co(N0 3 ) 2 • 6H 2 0. The 
other starting materials were chemically pure 
Si0 2 , AJ 2 0 3 and MgO. The binary oxide mix¬ 
tures leading to CoAI 2 0 4 with an excess of 
J0mole% A1 2 0 3 and Co 2 Si0 4 with an excess 
of 2 mole% Si0 2 were fired in air at 1200°C 
for 5 days, ground and refired two more days 
at the same temperature. An excess of binary 
oxide was necessary in order to fix the activity 
of Al 2 O a and Si0 2 at unity. MgAl 2 0 4 was 
prepared at 1350°C for 7 days, ground and 
refired for additional 7 days at 1350°C. Crystal¬ 
line solutions between CoA1 2 0 4 and 20, 40 
and 60 mole% MgAI 2 0, were prepared in air at 
1300°C for 5 days. Since the equilibrium con¬ 
centrations of defects for these compounds 
were determined within the temperature range 
of 1100-1150°C, all specimens were initially 
equilibrated in air for 5 days at their respective 
working temperature. 

For the determination of electronic point 


defects in nonstoichiometric crystals, a tensi- 
volumetric apparatus was constructed and is 
schematically shown in Fig. 1. A highly 
sensitive micromembrane manometer [12] is 
the actual measuring device. It transforms 
pressure differences across the membrane 
into electrical units by means of capacitance 
change. The pressure measuring range is 
2.10 -4 to 2.I0 -1 Torr, and is valid for pressure 
differences of less than 10 Torr across the 
membrane. 

The measurement of the change in oxygen 
content of a ternary oxide sample as a func¬ 
tion of oxygen pressure proceeds as follows: 
Firstly, a sample of known weight is sealed 
in a quartz tube (2) and equilibrated in dry air 
at a known temperature and pressure. Then 
the oxygen partial pressure is changed to a 
predetermined value in the overall system, 
and the two identical fused silica tubes (2) and 
(3), one containing the sample, are connected 
via the micromembrane manometer. This pro¬ 
cedure takes about 15 sec. The starting point 
is found by extrapolation. Equilibration of the 
nonstoichiometric oxide in the lower oxygen 
pressure environment proceeds by the release 
of oxygen which causes an increase in pressure 
on the sample side of the system. The change 
in pressure (A/?) is recorded as a function of 
time (t). Equilibrium is indicated by no further 
pressure change with time. 

Proceeding from a lower to a higher total 



Fig. 1. A schematic representation of the tensi-volumetric 
apparatus. (I) Furnace, (2), (3) Fused silica tubes, (4) 
Dewar with dry ice. (5) Pressure measuring condenser. 
(6) Recorder. <x) Stopcocks. 
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pressure of air can easily be accomplished, but 
adsorption effects and small pressure changes 
due to thermal fluctuations sometimes pro¬ 
duce irregularly shaped (Ap vs. t) curves 
above 80Torr. However, the absolute value 
of Ap was essentially the same for the same 
p 0 , change, i.e. from a low to high and from a 
high to low po, value. 

The gas on the sample side of the sym¬ 
metrical system in Fig. 1 can be described by 
the ideal gas law. A change in pressure caused 
by a change in the number of moles of gaseous 
oxygen (An 0i ) can be expressed as 

Ap = ■ An 0l = KAn <h . ( 1 ) 

In order to determine the exact value of the 
constant K at a given furnace temperature, a 
NiO, +Y single crystal was used as a standard 
calibration specimen since it is a well-known 
oxygen excess semiconductor [12-14]. The 
actual values y(p 0j ) taken for calibration are 
those of Sockel[5]. A change in p Q . t over a 
known amount of NiO, +y causes a known 
change in excess oxygen (Ay) which is 

2Ah ( ) 2 ■ Af Ni0 

Ay -- (2) 

m N io 

where M N ; 0 and m NI0 equal the molecular and 
actual weight of NiO, respectively. Sub¬ 
stitution of equation (2) into equation (1) and 
solving for the constant (RT/V) = K, one 
obtains 


(4r) = K(T) = 2 . Mni ° ' (3) 

\ V ) Ay m N | 0 

Since all terms on the right hand side of equa¬ 
tion (3) are known, K(T) can be determined. 
Cobalt aluminate [?7] and cobalt silicate [19] 
are both metal deficient p-type semiconduc¬ 
tors. Then, instead of writing CoAl 2 0 4+y and 
Co 2 Si0 4+y for ternary compounds with 
excess oxygen, one may write Coi_«Al 2 0 4 
and Co 2 _ e Si0 4 as well, where 8 as y, if y 1. 


The calculation of 8 from y can easily be per¬ 
formed if the activity of Si0 2 or Al t O s is 
kept constant during oxidation or reduction. 
Thus the working equation used for the cal¬ 
culation of the changes 'in oxygen content, 
which is the cobalt vacancy concentration 8, 
can be written as 


As * .Mc2.si2i.Ap. 

A m CoaS i04 


(4) 


A p is the total change of pressure after a 
pressure jump, expressed in atmospheres. 

Polycrystalline powders (5—15 g) of the 
specimens were used because with small grain 
sizes equilibrium was usually attained in less 
than 12 hours in the temperature range 1100°- 
1150°C after a po, change. To determine if 
sample surface effects (i.e. surface adsorption 
or desorption) contributed substantially to the 
Ap measurements, the Co 2 Si0 4 powder was 
removed from the apparatus and sintered at 
1340°C for 4 days so that the average grain 
diameter was enlarged from 125 to 300 p. 
The total values before and after the enlarge¬ 
ment of grain size deviated only by 2% for 
the same p 0a change and temperature. Ad¬ 
sorption and desorption effects originating 
from the total glass surface on the upper half 
of the system (see Fig. 1) were neutralized by 
similar effects on the lower half because of the 
symmetrical construction of the tensi-volu- 
metric apparatus. 

3. RESULTS AND DISCUSSION 
3.1 Defect concentrations in nonstoichio- 
metric Co 2 _ 4 Si0 4 

A typical experimental curve for equilibra¬ 
tion after an oxygen pressure jump over 
Co 2 _ s Si0 4 is shown in Fig. 2. Although the 
kinetic process proceeding towards equili¬ 
brium is diffusion controlled as will be sub¬ 
stantiated later, grain size, shape and distri¬ 
bution deviate the curve from the parabolic 
rate law. 

There are two methods for calculating the 
absolute concentration of cobalt vacancies 
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Fig. 2. Change in pressure as a function of time 

for 12-4 g of Coj-jSiOj at I I45°C for the p 0l jump from 
2. 10-' to 2-26. 10 * atm. 


(5) in thermodynamic equilibrium as a func¬ 
tion of the partial pressure of oxygen. Firstly, 
one can choose several vacancy concentra¬ 
tions (8^) at the lowest p Q% value and add the 
experimental increments A8 to it for the corre¬ 
sponding Ap„,-increments. Accept as the 
correct 8„ that value which gives the best 
linear fit. A plot of log p 0j as a function of log 
8 is shown in Fig. 3, where the slope (A log 
PoJA log 8) is equal to 6. This same method 
was used for CoAl 2 0« and its crystalline solu¬ 
tions with MgAl 2 0 4 . Secondly, Wagner’s 
method [15] can be used for determining the 
absolute concentration of defects from 
measurements involving only changes in 
concentration. The application of this method 
to the data again results in a slope of 6. 

According to the information given in Fig. 
3, the interaction of gaseous oxygen with 



Fig. 3. Partial pressure of oxygen p, H as a function of the 
cobalt deficiency 8 in Coj ^SiOj at 1145“C. 

Co 2 - 8 Si 0 4 can be expressed by the chemical 
equation 

lO.Au) + 3Co Cl) = V t " 0 + 2Coc 0 + CoO, AG,» 

(5) 

where in accord with Kroger’s notation [16] 
Co Co is a divalent cobalt ion on its regular 
lattice site, V" o is a doubly ionized vacancy of 
a regular cobalt ion, Co'c„ is a Co 3+ ion or a 
positive hole (©) on a regular cobalt site, CoO 
is cobalt oxide dissolved in the cobalt silicate 
lattice and AC 5 ° is the standard free energy 
change for reaction (5). Upon consideration of 
the charged defects in equation (5), the rela¬ 
tionship for electrical neutrality reads 

x c ^ = = 28 (6) 

where x is the fraction of defects per mole¬ 
cule Co 2 Si0 4 . The corresponding equilibrium 
condition under the assumption of negligible 
defect interaction reads 
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4x4 VT* * ^CoO 

K t = Jr 000 = exp (-AGJIRT) (7) 

where A 5 is the equilibrium constant for equa¬ 
tion (5). The activity of CoO for CbjtSiO* in 
equilibrium with Si0 2 is calculated, by 
knowing the standard free energy of forma¬ 
tion of CojSi0 4 from CoO and Si0 2 [17,18], 
as 0-64 at T = 1200°C. From equation (7) it is 
seen that the concentration of vacancies is 
proportional to p*/®, provided that a Co o is kept 
constant. 

For po, = 1 atm, x v - = 1-3 . 10~ 4 and T = 

1145°C, AG 5 ° = + 73 kcal. 

Recently [19] the chemical diffusion coeffi¬ 
cient for equilibration of highly dense Co^g- 
Si0 4 after a p 0> change was determined to be 
6 . 10~ 8 cm 2 /sec at 1200°C. Since the majority 
diffusing species (i) are Co-vacancies and 
positive holes, the fluxes can be expressed as 

• /i==- 7^r' gradl7( (8) 

where f is given in moles/cm 2 sec, D { is the 
selfdiffusion coefficient of species /, c ( the 
concentration and tj ( the electrochemical 
potential. Evaluation of the flux equations 
leads to the conclusion that the chemical 
diffusion coefficient virtually equals 3 times 
the vacancy selfdiffusion coefficient. The 
relationship between the selfdiffusion coeffi¬ 
cient of cobalt vacancies (D v ) and cobalt ions 
(D Co J under the assumption of negligible 
correlation effects is given by 

f^Coco ' X COn~ Dv’n' (9) 

For small concentrations of defects, one 
obtains 

f^coc,~ x Coi _ o = 2. (10) 

In air at 1200°C the value of the selfdiffusion 
coefficient for octahedral divalent cobalt ions 


is 5.10 -18 cm*/sec. This value agrees satis¬ 
factorily with the diffusion coefficient derived 
from the kinetic equilibration curve in Fig. 2, 
assuming diffusion control and knowing the 
average grain size. ' 

3.2 Defect concentrations in nonstoichiomet- 
ric Co,_ 8 A! 2 0, and its crystalline solutions 
with MgAl 2 0 4 

The concentration of cobalt vacancies as 
a function of p 0 , for Co,_*Al 2 0 4 and crystal¬ 
line solutions between Co,_ g Al;,0 4 and 20,40 
and 60 mole% MgAl20 4 is given in Fig. 4. 
The concentration of cobalt vacancies in 
Co 1 _ g Al 2 0 4 at one atmosphere of oxygen is 
about 1-5 . 10~ 3 . In comparison to Co^SiC^, 
the concentration of cobalt vacancies which 
are located on the tetrahedral lattice sites in 
Co!_gAl s 0 4 is more than one order of magni¬ 
tude larger at the same partial pressure of 
oxygen. The slopes (A log p 0 ,/A log 6) of all 
the lines in Fig. 4 are essentially parallel 



Fig. 4. Partial pressure of oxygen pa as a function of the 
cobalt deficiency 8 at 1120°C for (a) CoAljO,. (b) 
CoAljO, + 20 mole% MgA(A. (c) CoAl,O 4 + 40% 
MgAl,0 4 and (d) CoAljO. + 60% MgAl,0 4 . 
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and equa] to 6, indicating that the defect 
model is practically the same as expressed 
in equation (5) where defects now occur on 
the tetrahedral sublattice in the spinel 
structure. After consideration of the electrical 
neutrality condition, the equilibrium condition 
is the same as given in equation (7). In the 
case of cobalt magnesium aluminate however, 
the mole fraction of cobalt ions on their 
regular tetrahedral sites is included in the 
equilibrium condition as a variable which 
changes with the mole fraction of MgAl 2 0 4 
dissolved in Co I . 4 Al 2 0 4 . Therefore one has to 
write 

• r C'o,. = * ~ X M»AI«0< (II) 

under the assumption that MgAl 2 0 4 is essen¬ 
tially a normal spinel below I350°C and there 
is a direct substitution of Mg 2 ' ions for Co 2+ 
ions in the tetrahedral sublattice. In typical 
ionic crystals like MgAI 2 0 4 , Mg 2+ and Al 3+ 
have noble gas ion configurations over the 
Po, range and electronic defects can be neg¬ 
lected. Thus, as the p ()2 is increased it is only 
the oxidation of Co 2+ to Co 3+ ions accom¬ 
panied with the production of cation vacancies 
which occurs in the crystalline solutions 
between Co,_ 8 AI 2 0 4 and MgAI 2 0 4 . 

In addition, the activity of CoO dissolved 
in the spinel crystalline solutions can be 
approximated as 

fl CoO = fl CoO ' X Co, ,AI.O, (12) 

where is the activity of CoO dissolved in 
pure Co,_*AI 2 0 4 in equilibrium with A1 2 0 3 . 
From the standard free energy of formation 
of Co,_ 8 ^l 2 0 4 from its binary oxides[20], the 
calculated value of dew is approximately 
0-17 at 1200°C. 

The calculation of AG\° as a function of the 
mole fraction of MgAl 2 0 4 dissolved in 
Coj_ 4 A1 s 0 4 can be accomplished with equa¬ 
tion (7) and with equations (11) and (12) as 
approximations. These results are plotted in 
Fig. 5. Within the region 0 < x MeAlt04 < 0-6 



Fig. 5. The dependence of the standard free energy 
change for defect formation (equation (5)) in the CoAljCV 
MgAI 2 0 4 system as a function of r MKAW) . at 1120°C and 
one atmosphere of oxygen. 

the data can be described by the equation 

AG 5 ° = AG 5 °(CoAl 2 0 4 ) IlttAW ,.„ 

+ (9-4±0-4) • x M kai,o 4 [kcal]. (13) 

It appears that there is a moderate linear 
dependence of AG 5 ° on x M kau<u . In the quasi¬ 
binary system CoO-MgO ZintlflO] found a 
strong dependence of AG® on the mole frac¬ 
tion of MgO which is caused by a rather 
sharp decrease in the concentrations of cation 
vacancies and positive holes with increasing 
MgO in crystalline solution. 

The logarithm of the concentration of cation 
vacancies (log 8) as a function of x MgAll04 in 
crystalline solution with Co,^A1 2 0 4 is given 
in Fig. 6 for an oxygen partial pressure of I 
atmosphere (8-values extrapolated from Fig. 
4). In the region-0 < x MgA , l04 < 0-6 the curve 
approximates a linear behavior. This slow 
exponential decrease in (8) or (Co Co ) with 
increasing x. MgA | a04 is only 1/3 as large as that 
found in the quasibinary system CoO-MgO 
[10], An explanation of this exponential de¬ 
crease in positive hole concentration and of 
its absolute magnitude in the quasi-binary 
system Co,_ 8 Al 2 0 4 -MgAl 2 0 4 and the quasi¬ 
binary system Co^O-MgO can be provided 
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Fig. 6. Mole fraction of cobalt vacancies in the CoAljO,- 
MgAIjO, system as a function of jr MiAU0 < at 1I20°C and 
one atmosphere of oxygen. 

through the consideration of a quantum- 
mechanical resonance effect and crystal 
chemistry. 

Firstly, the AG 5 ° value for equation (5) can 
be split into an enthalpy change (A// 5 °) and 
an entropy change (AS 5 °) since 

AG 5 ° = A// 5 »- TAS,°. (14) 

If it is assumed that most of the entropy 
change for the chemical reaction given by 
equation (5) is caused by the transfer of 1/2 
mole 0 2 from the ideal gaseous state to one 
mole of oxygen ions on the lattice sites, then 
in addition AS 5 ° contains vibrational entropy 
terms which remain approximately constant 
with the addition of MgAl 2 0 4 in crystalline 
solution. Finally if the change in A pV is 
assumed to be negligible then it is the increase 
in the energy change ( AE 5 °) of the crystal 
with the addition of MgAl 2 0 4 that causes the 
exponential decrease in the concentration of 
Coc 0 . 

It is known from the hopping electron model 
[21-23] that electrons and electron holes are 
mobile over equivalent lattice sites which in 
turn means these electrons have a somewhat 
low delocalization energy. In the virtually 
pure normal spinel Co,_*A1 2 0 4 each tetra¬ 


hedral Co 3+ ion or defect electron is sur¬ 
rounded by four nearest neighbour tetrahedral 
Co** ions, and the actual electronic state can 
be thought of in terms of a resonance pheno¬ 
menon. Stabilization of the defect electron by 
resonance is greatest when the individual 
forms contributing to the resonance state are 
identical in energy[24]. However, the sub¬ 
stitution of a Mg* + ion for a Co* + ion strongly 
disturbs the quantum-mechanical resonance 
effect because the ionization potential for the 
Mg 24 ion is so large and the concentration of 
Mg 3+ ions can be neglected without any signi¬ 
ficant error. As the concentration of tetra¬ 
hedral Mg* + ions increases, the resonance 
effect is rapidly weakened so that there is a 
decrease in the concentration of Co 3+ ions and 
vacancies. 

Deviations from stoichiometry in the sys¬ 
tems Cu 2 S-Agj,S[25], Ci^Se-AgiSePb], 
CoO-NiO[10] and CoO-MgO[10] have 
already been explained by a quantum-mechan¬ 
ical resonance effect. The exponential de¬ 
crease in the concentration of Co 3+ ions is 
smaller in the system CoAl 2 0 4 -MgAl 20 4 
than in CoO-MgO probably because there 
are 12 nearest neighbours about each cation 
in the sodium chloride structure whose dis¬ 
tance between nearest cations is about 3 A. 
Under the assumption of ideal close packing 
the distance between nearest neighbour tetra¬ 
hedral cations in the spinel structure is about 
3-5 A. Although the larger number of nearest 
neighbours and their closer spacing most 
likely facilitates electron exchange between 
cobalt ions in CoO the presence of a foreign 
ion like Mg z+ causes a stronger disturbance to 
the resonance effect in the CoO-MgO system. 
Secondly, the small degree of ion interchange 
which exists in pure Co,_ a Al 2 0 4 at 1100°C 
may be sufficient to place the cobalt aluminate 
without addition of magnesium aluminate 
already in a disturbed resonance state. 

Finally some general comments can be 
made with regard to the concentration of 
vacancies (8) in the metal deficient cobalt 
compounds Coi_ a O, Co,_ 8 Al 2 0 4 and Co t -»- 
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Si0 4 . For mi oxygen partial pressure of 1 
atmosphere and a temperature of 1150°C, the 
8 -values for the above nonstoichiometric com¬ 
pounds are approximately 10"*, 10~ 3 and 10"\ 
respectively. Although the defect equations 
for all three compounds can be formulated 
similarly as equation (5), very little can be 
said as to why, for example, (8) is larger in 
Co,-*AI 2 04 than in Co 2 _*Si0 4 . An answer to 
this question can be provided only if the 
various energy terms which compose A£ s ° are 
exactly known. This means that the Madelung, 
repulsion, polarization, van der Waals and 
crystal field stabilization energies must be 
known for the lattices or ions under considera¬ 
tion. 
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LOW TEMPERATURE GRUNEISEN PARAMETER 
OF Rbl FROM ELASTICITY DATA* , 

JOHN J. FONTANELLA and D. E. SCHUELE 
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Abstract— The elastic constants and their pressure derivatives of rubidium iodide were measured at 
295° and 195°K by the ultrasonic pulse-echo technique. The results at e: 



dCn 

dC,a 

dC|, 


d P 

d P 

d P 

295° K 

13-16 

1-66 

-0-51 

I95°K 

12-83 

1-78 

-0-55 


The low temperature Griineisen parameter was calcuiated and found to be negative in agreement with 
that predicted by G. K. White on the basis of thermal expansion data. These results can be understood 
qualitatively via a simple Born model. 


INTRODUCTION 

Theoretical treatments of the thermal 
properties of insulators are usually based on 
the Quasi-Harmonic Model [1]. In this 
approximation that portion of the internal 
energy which is due to thermal excitations is a 
function of 3N normal modes of vibration, 
^(k), which depend upon volume only. 
Writing the Helmholtz free energy and apply¬ 
ing the thermodynamic relation: 



is applied to the equation of state, and the 
Griineisen gamma is defined as: 

3A’ 

£ Gy, 

< 4 > 

£ G 



( 1 ) 


an equation of state is obtained. Indigenous to 
the equation of state, then, is the variation of 
the normal modes with volume. The pertinent 
anharmonic parameter is defined to be: 


dlttoj 

dlnT 


and is known as the mode gamma. 
If the thermodynamic relation: 


( 2 ) 


*Work supported in part by the Atomic Energy 
Commission. 


one arrives at the Griineisen relation: 


(3B T = £ft£ (5) 

where /3 is the volume coefficient of thermal 
expansion, fi r is the isothermal bulk modulus, 
CJV is the heat capacity per unit volume, and 
Ci is the Einstein heat capacity of the ith 
normal mode. Thus, the Griineisen gamma 
can be obtained both from the thermodynamic 
data via equation (5), and from the micro¬ 
scopic relation, equation (4). once the mode 
gammas are known. 

The motivation for the present research 
was the negative low temperature value for 
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the Griineisen parameter determined by 
White[2] from thermal measurements. Such a 
consequence has interesting implications on 
the lattice excitations as will be seen. 

THE EXPERIMENT 

Sample 

All measurements were done on a (110) 
single crystal supplied by Professor W. B. 
Daniels of Princeton University. Because of 
the softness and hygroscopic nature of rubi¬ 
dium iodide, it was difficult to maintain 
smooth, parallel surfaces. As a result, it 
became necessary to lap the crystal during 
the course of the experiment. This was 
accomplished by cementing the crystal into a 
stainless steel lapping ring with phenyl 
salicylate (salol) and smoothing the faces on 
successive grinding surfaces of 2/0, 3/0, and 
4/0 Carborundum Flexbac Polishing paper. 
It was found that lubricating the paper with a 
little kerosene helped eliminate scratches. 
The resulting faces were parallel to within a 
part in a thousand. The length of the crystal 
was 0-777± 0 0005 cm for the pressure de¬ 
rivatives and 0-653 ± 0-0005 cm for the elastic 
constant measurements. 

In both cases of the experiment the crystal 
was oriented with X-rays using the back 
reflection Laue technique. The elastic con¬ 
stants were measured with the crystal within 
30' of the (110) plane. The pressure deriva¬ 
tives, however, were done with the crystal off 
3° in the basal plane and orientation correc¬ 
tions were applied tc account for this as will 
be noted later. 

Apparatus and procedure 
A description of the ultrasonic pulse-echo 
technique is given in the review article by 
Daniels and Smith [3]. The zero pressure 
elastic constants were measured using the 
buffer-rod technique [4], The buffer rod was a 
single crystal of sodium fluoride in the shape 
of a circular cylinder with diameter of 2 cm 
and length 8 cm. The measurements were 


made by determining the time between the 
first buffer echo, first crystal echo, second 
crystal echo, and, in the case of Cm, a third 
crystal echo. The delay times were read on a 
Tektronix 547 Oscilloscope and the readings 
were reproduced to within two tenths of a 
nano-second. Salol seals were used at room 
temperature, and Nonaq stopcock grease was 
used at dry ice temperature. A mixture of 
Freon and dry ice was used as the low tem¬ 
perature bath. It was noted that the bath 
temperature was about five centigrade degrees 
colder than the — 78°C sublimation point of 
dry ice, and all of the data has been converted 
by linear interpolation to the dry ice tempera¬ 
ture. A Chromel-Alumel thermocouple, 
calibrated at the mercury freezing point, was 
used to monitor the bath temperature. 

A description of the pressure system and 
measurement used in this experiment is given 
in the paper by Wong[10]. Typical data runs 
are shown in Fig. 1. The maximum pressure 
allowed was 1600 bars in order to avoid the 
phase transition from face-centered cubic to 
simple cubic which occurs in the region 
3430-3650 bars [7]. 


RESULTS 

The basic data used in the reduction of 
experimental results are listed in Table 1. The 
low temperature lattice constant and x-ray 
density are calculated from room temperature 
data obtained from the National Bureau of 
Standards tables [18] using a numerical inte¬ 
gration of a smoothed curve of White’s 
thermal expansion coefficient [2]. The adiaba¬ 
tic bulk modulus is that determined from the 
measured elastic constants, and the isothermal 
bulk modulus is calculated from this using: 


The three independent modes for a (110) 
crystal yield C' u , C 44 , and C'. These are 
related to C n and C, 2 by the relations: 
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>-./ _ f-n 4- Cit + lC^ 

2 

(7a) 

y .1 Cll — C,2 

C ~ 2 

(7b) 


Elastic constants 

The measured elastic constants appear to 
be correct to within 0-5 per cent which places 
the uncertainty on C 12 at about 4 per cent. 
The results are listed in Table 2 along with 
previous determinations and thermal extra¬ 
polations which are needed for later analysis. 
Of particular interest is the agreement be¬ 
tween the 4-2°K values of Lewis et al.[ 14] 
and our temperature extrapolation to 6J5. In 
general the results are good, agreeing in most 
cases to within 1 per cent. The larger dis¬ 
crepancies are probably due to crystal orienta¬ 
tion since rubidium iodide is a highly aniso¬ 
tropic crystal with anisotropy factor 0-258 at 
room temperature calculated from: 


A = 


2Ca 


Cn~Cn 


( 8 ) 


column, however, contains the values of the 
pressure derivatives of the elastic constants 
C„, Ci*. and C« 4 obtained from the off orienta¬ 
tion values by a procedure to be outlined 
while the other values quoted are calculated 
from the above. 

The secular equation can be written in the 
following form: 

X 3 + AtX 1 + A S X+A 3 = 0 (11) 

where the roots are the quantities expressed 
in equation (9). The coefficients A,, A 2 , and 
A 3 are functions of the elastic constants and 
the direction cosines of the propagation direc¬ 
tion. Specifically,/4,— —(C n -f2C 44 ), while 
the coefficient A 2 involves products of elastic 
constants and A 3 contains triple products of 
elastic constants. Thus, the pressure deriva¬ 
tive can be written: 


dX, 

dP 


■*^ 1 +x l ^+ dA3 


d P 


d P d P 


1X t i + 2A l X i + A t 


■ ( 12 ) 


Pressure derivatives 

Table 3 is a compilation of the pressure 
data. The first column comes directly from 
experiment where t is the transit time. The 
second column is obtained by taking the 
pressure derivative of: 


The quantity dXJdP is identified with the oflF 
orientation pressure derivatives where 1 de¬ 
notes the three polarizations. The pressure 
derivatives of the coefficients can be written 
as linear combinations of the pressure deriva¬ 
tives of the elastic constants. In functional 
form we now have: 


„ 2 

Xt = pv’j = -~yp 


(9) 


dA'j _ dCu 

d P Ui d P 


+ E , 


dC i2 
d P 


+ F t 


d C„ 
d P 


(13) 


and making the appropriate thermodynamic 
association: 

dlnjjj 1 2 dlnfi 1101 

dP 3 dP ’ 

The third column lists the pressure derivatives 
of the effective elastic constants. The above 
quantities were obtained directly from the 
measurements and thus correspond to the 
case where the crystal was off orientation 
three degrees in the basal plane. The fourth 


where D u £ f and F { are functions of the elastic 
constants, X t , and the direction cosines. By 
matrix inversion the above set of equations 
can be solved for the pressure derivatives of 
the elastic constants. These manipulations 
including the determination of the off axis 
pv { 2 were carried out by a computer program 
written by our colleague Dr. Robert Hankey. 
The uncertainty in the pressure derivatives, 
by conservative estimate, is thought to be no 
more than 5 per cent. 
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Fig. I. Typical data runs showing the anomalous behavior of the 
shear mode refers to the second echo at 195°K while A/'n 

refers to the second echo of the longitudinal mode at 295°K. 


Table 1 . Basic data used in reduction of experimental 
results. The low temperature lattice constant and densities 
were calculated using a numerical integration of a smoothed 
cprve of White's thermal expansion data. The bulk moduli 
are from the experiment and low temperature values are 
from a linear extrapolation to 6J5. 


Data 

29.VK 

195°K 

22°K 

0°K 

Molecular weight 

212-39 

212-39 

212-39 

212-39 

Lattice constant [18] 

(A) 

X-ray density [18] p 
expansion coefficient a 
(g/cm J ) 

7-341 

7-313 

7-273 

7-273 

3-565 

3-607 

3-666 

3-666 

Linear thermal [2] 

(10"’deg' 1 ) 

392 

380 

76 

0 

Heat capacity atfl 7] c, 
constant pressure 
(cal mole' 1 atom' 1 deg' 1 ) 

6-3 

6-15 

2-08 

0 

Adiabatic bulk modulus 
(lCdy/cm*)/?, 

1 125 

1-176 

1-264 

1-264 

isothermal bulk modulus 
(10"dy/cm*)fi r 

1070 

1-137 

1-263 

1-264 
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Table 2. Elastic constants of rubidium iodide in units I0 n dy/cm 2 


Description 

c;, 

C44 

C' 

c„ 


B. 

Author 

295°K 

1-762 

0-2780 

1-078 

2-562 

0*406 

1-125 

Author 

195°K 

1-862 

0-2832 

1-210 

2-789 

0-369 

1-176 

Author temperature 
extrapolation 
to 22°K 

2-035 

0-2923 

1-438 

3-182 

0-305 

1 264 

Lewis et<t/.[14] 

4-2°K 

— 

0-292 

”** 

3-210 

— 

— 

Lewis etal-l 14] 

295°K 

1-729 

0-2776 

1-111 

2-562 

0-34 

1 081 

Reinitz [13] 

295°K 

1-749 

0-276 

1-067 

2-54 

0-407 

1 118 

Bolef and 

Menes[12] 

300°K 

1-722 

0-287 

1-13 

2-56 

0 31 

1 06 

Haussuhl [11] 

295° K 

1-755 

0-278 

1-106 

2-583 

0-37 

1-108 


Table 3. Pressure and temperature derivatives of rubidium iodide. The first two columns 
are in units 10“ 12 cm 2 ldy, dCfdP is dimensionless, and the temperature derivatives are in 
units 10 B dylcm 2 -deg. The tabulated digits are for purposes of completeness only and not 
all figures should be considered significant 



Tempera- 






Author 

Haussuhl [11 ] 

Wave 

dint. 

dlnAT, 

dT, 


dC, 

dC, 

dC, 


d P 

d P 

d P 


d P 

d7 

dr 


295°K 

- 18-45 

40-02 

7-140 


6-896 

- 1-00 

-1-123 

195°K 

-17-06 

37-05 

7-006 

c n 

6-748 




295° K 

10-78 

— 18 44 

-0-5128 


-0-5135 

-0-0524 

-0-0573 

^44 

195°K 

11-21 

-19-49 

-0-5522 

-0-5529 



X' 

295°K. 

-24-54 

52-20 

5-510 

C' 

5-754 

— 1 32 

— 1 36 

' 195°K 

-20-83 

44-59 

5-266 

5-525 




295°K. 





13-164 

-2-27 

-2-428 


195°K 




^ 11 

12-826 




295° K 





1-656 

0-37 

0-322 


I95°K 




C-12 

1-776 




295°K 




B, 

5-492 

— 0 51 

-0-595 


195°K 




5-459 




Temperuture derivatives 
The temperature derivatives listed are 
obtained from two points widely separated in 
temperature and exhibit reasonable agreement 
Haussiihlfl 1]. In fact they show the trend 
expected in that they are all slightly less 
negative which is probably due to the low 
temperature nature of our effective derivative 
whereas Haussuhl quotes 273 6 K. This points 


out the slight curvature with temperature that 
elastic constants exhibit. 

Criineisen parameter 

The temperature variation of the Griineisen 
parameter is shown in Fig. 2. The values were 
calculated from the following data: thermal 
expansion due to White [2], heat capacity by 
Clusius et a/.[17], our bulk modulus, and the 
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Fig. 2. Griineisen gamma as a function of temperature. 


density as a function of temperature calculated 
as previously mentioned. 

The overall variation exhibited by rubi¬ 
dium iodide is like that of the other alkali 
halides with the exception of lithium fluoride. 
The interesting feature is the negative value at 
low temperatures, which reflects the negative 
thermal expansion coefficient in this tempera¬ 
ture region and the large change, about 1 -7, 
from the limiting high temperature value to the 
limiting low temperature value. 

The zero temperature thermodynamic 
Griineisen parameter was obtained in the 
following way. In the low temperature region 
the linear expansion coefficient can be 
expressed as: 

a=AT 3 +BT i 


where A and B are fitting parameters. The 
capacity is expanded giving: 


C v = eT 3 +fT s +... 

with 

12ir*R 
6 50 ,* 


(15) 

( 16 ) 


R is Boltzmann’s constant, and 0„ is the 
Debye temperature. In this limit of very low 
temperatures, then, we can write: 


(y o (Thermo 


3 AVB> 

2e 


(17) 


Analyzing his low temperature data. White 
arrived at the value: A =— 0-25 X 10 n . Sub¬ 
stituting this and our value for the adiabatic 
bulk modulus into equation (17) yields 

(VolThermo — —0‘178. 

The low frequency mode gammas can be 
calculated from the pressure derivatives of 
the elastic constants and thus the low tem¬ 
perature limiting value of (y 0 )Ei a s can be 
obtained from the microscopic expression. 
This has been done using the computer 
program of Schuele and Smith [8], In Table 4 
the mode gammas for the principal directions 
in a cubic crystal are listed. These show a 
wide variation for the different modes. We 
note in particular the large negative value for 
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Table 4. Mode gammas for the three 
principal crystal directions 


Gamma 

Mode 

295-K 

195°K 

C'u 

(110) Long. 

1-93 

1-89 

C' 

(110) Trans. 

2-69 

2-43 

Cu 

(110) Trans. 

-115 

-1-28 

c„ 

(100) Long. 

2-58 

2-47 


(100) Trans. 

-115 

-1-28 

C‘ 

(Ill) Long 

1-55 

1-56 

Ct 

(11 l)Trans. 

2-25 

2-04 


the C 44 mode and its becoming more negative 
with a lowering of temperature. 

At low temperatures the dominant modes 
are those having small sound velocities. For 
rubidium iodide with its large anisotropy, the 


where it must vanish. This results in a low 
temperature limiting value of the Griineisen 
parameter which is negative and is now also 
confirmed by these elasticity measurements. 

In the alkali halides-, the trend to lower 
values of y e at low temperatures is related to 
larger ion sizes. This trend can be semi- 
quantitatively understood by means of a 
simple Born model. In this model the repulsive 
range parameter increases as one goes down 
the columns in the periodic table for either 
the alkali metal or halogen atom. The effect of 
this increase in the repulsive range parameter 
is to make more negative the mode gammas 
for the C 44 type modes. These concepts have 
been discussed by Barron [16] and Blackman 


Table 5. The relevant values of the low temperature Gruneisen 
parameter. The Debye temperature was calculated from the 
tables of de Launay[9] using the temperature extrapolated 
elastic constants 


White 

(y„(F„)) 

Therm. 

Author 

(y„(M 

Elastic 

Author 

(y»)m 

Author 

(7o)2»5 

Author 

Wo-K 

Clusius et at .f 171 
(0») 

-0-178 

-0-195 

002% 

0-193 

108°K 

100-118°K 


dominant modes are those with C 44 character. 
Thus the average Gruneisen parameter will be 
heavily weighted with these modes which 
show a negative mode gamma. The values of 
(Tobias ate listed in Table 5 along with the 
volume extrapolated value (toI^oDeihs — 
— 0195 (in the spirit of the Quasi-Harmonic 
approximation). Thus, comparison between 
the thermal value and the elastic data is 
excellent. 

Pressure derivatives of the elastic constants 
at lower temperatures would have been desir¬ 
able to the volume extrapolation. However, 
rubidium iodide has properties which makes 
these measurements quite difficult. 

DISCUSSION 

Rubidium iodide exhibits a negative thermal 
expansion coefficient at low temperatures 
which is thought to persist to absolute zero 


[5, 6] and a simplified version has been given 
by Smith et o/.[15]. 
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A MOSSBAUER-EFFECT STUDY OF PARAMAGNETIC 
RELAXATION OF Er IMPURITIES IN Zr 
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Physik-Department. Technische Hochschule MUnchen. Miinchen. Germany 
(Received 7 July 1969) 

Abstract—Mossbauer emission spectra of dilute Er impurities in Zr, in the paramagnetic state with 
zero external field, have been measured at various temperatures from 4'2°K to 35°K. At the lowest 
temperatures, due to the slow relaxation of the electronic moment, a splitting into five lines is seen, 
which transforms into a single-line pattern by about 35°K as the relaxation rates increase. To quanti¬ 
tatively interpret these spectra it is necessary to treat the coupled system of paramagnetic moment 
plus nuclear spin as the basic resonant system, where the off-diagonal elements of the hyperfine 
coupling must be included. Such a theory has been worked out and yields a good fit to the data over 
the entire temperature range. The paramagnetic relaxation information determined from such a fit 
is the same as could in principle be obtained from paramagnetic resonance, but the Mbssbauer-effect 
measurements are more sensitive and are feasible at much higher temperatures. At low temperatures 
the relaxation is dominated by an exchange coupling, J.-,. to the conduction-electron spins. The 
product | J,-,N e \. where N E is the density of states, is determined to be0-034. At higher temperatures 
(> 20°K) evidence is seen for relaxation processes proceeding via higher crystal-field levels. 


1. INTRODUCTION 

A preliminary report has recently been 
given [1] of the observation of Mossbauer 
hyperfine splitting in Er 166 impurities in Zr 
metal, in the paramagnetic state without 
external field. This splitting occurs because 
of the slow relaxation of the electronic 
moment at liquid helium temperatures, and 
disappears at temperatures higher than about 
35°K as the relaxation rates increase. The 
purpose of the present paper is to present the 
higher-temperature data in more detail to¬ 
gether with the theoretical interpretation 
and fits for the relaxation phenomena. 

Paramagnetic hyperfine splitting by a local¬ 
ized moment is a very simple effect in principle. 
At temperatures low enough for the relaxation 
rates to be small, the spin of the electronic 
moment and the nuclear spin in the ground or 
excited state, coupled by the hyperfine inter¬ 
action, constitute an isolated quantum- 
mechanical system having certain energy 
levels, whose spacings correspond to the 
various lines of the recoilless gamma reso¬ 
nance spectrum. At higher temperatures the 

t Present address: InstitutfiirTheoretische Physik an 
der Universitat, Frankfurt, W. Germany. 


relaxation forces of the host act on the 
electronic-nuclear system to produce transi¬ 
tions among its levels, yielding characteristic 
changes in the form of the lines and event¬ 
ually transition to a one-line spectrum. 
A detailed analysis of the low-temperature 
splitting pattern observed in Er-Zr has been 
carried out in a separate paper[2], in which 
the electronic ground state and the hyperfine 
interaction tensor between the electronic 
ground doublet and the nuclear spin were 
unambiguously deduced. In the present paper 
we can therefore take the point of view that 
the structure and internal properties of the 
system of electronic plus nuclear spin are 
known, and can regard this system as a 
probe for investigating the fluctuating fields 
present in the host which cause the relaxation 
effects. Such an investigation is of particularly 
great interest for the present case involving 
a metallic host, since the dominant relaxation 
interaction at low temperatures should be the 
exchange coupling between the local electronic 
moment and the conduction-electron spins. 
This interaction is of fundamental interest 
to the study of magnetism in metals, yet is 
simple enough in form to be amenable to 
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quantitative analysis. The Mossbauer 
technique offers a particularly powerful 
method for its study. 

Although relaxation phenomena in the 
Mossbauer effect have been studied in 
insulators and in concentrated metallic 
systems for some time, no previously avail¬ 
able theory is capable of treating the case of 
Er-Zr except in certain limiting cases. The 
largest part of the present paper will be 
devoted to working out such a theory. The 
principal features of the problem are that it 
is necessary to treat the electronic moment 
and nuclear spin as constituting a single 
resonant system, and that the nuclear- 
electronic hyperfine interaction is not diagonal. 
We will show that it is possible to give a 
solution which is exact to second order in 
time-dependent perturbation theory, valid 
over the entire range from fast to slow 
relaxation, and capable of practical evalua¬ 
tion. Once the problem has been correctly 
set up, the formal solution by means of 
density-matrix methods originally developed 
for the theory of magnetic resonance is 
straightforward. In the presentation, an 
effort has been made to emphasize the physical 
basis of the theory rather than the formal 
methods. A Section discussing the relation 
of the present theory to some previous ones 
is also included. 

2. EXPERIMENTAL RESULTS 

In order to obtain a workable recoil-free intensity in 
a dilute alloy, the Mossbauer spectra were measured 
using Er""-Zr as the source, together with a single-line 
absorber of ErAI„ held at 77°K. The sources were pre¬ 
pared by neutron irradiation of dilute (0-2 at. %) alloys 
of Ho-Zr. Source preparation and other experimental 
details are discussed more fully in Ref. (2). The source 
could be held at temperatures above 4-2°K by partially 
evacuating the source chamber to reduce thermal contact 
with the surrounding He bath. The source temperature 
was measured with a Au-Co vs. Cu thermocouple, which 
also automatically controlled a small ohmic heating coil 
to maintain the temperature at a pre-set value, The 
experimental spectra at various temperatures are shown 
in Fig. 1, together with the theoretical fits which will be 
obtained in what follows. 

The following features of the experimental results 
should be noted: (I) Although the quadrupole interaction 



Velocity, cm/sec 

Fig. I. Mossbauer emission spectra for Er lwi as a dilute 
paramagnetic impurity in Zr. together with the theoretical 
fits. 

is very small[2], the lines at low temperature are not 
equally spaced. This is a characteristic feature of para¬ 
magnetic hyperfine splitting when the magnetic hyperfine 
interaction is not diagonal [3,4]. (2) With increasing 
temperature, some of the lines shift by an appreciable 
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amount; nevertheless they do not shift continuously 
toward the center in the same way as would be expected 
for a magnetic phase transition in a concentrated system 
in the fast-relaxation limit. (3) In most previous models 
of paramagnetic relaxation behaviour, and for inhomo¬ 
geneity broadening as well, one expects the outer lines 
to show the greatest broadening and reduction in depth. 
Here, however, the 2nd and 4th lines show slightly more 
broadening than the 1st and 5th lines at intermediate 
temperatures such as 25°K; and at the lowest tempera¬ 
tures it is the inner lines (3rd and 4th) which show 
broadening. These features follow from the correct 
theory. 

Even at the lowest experimental temperature of 4-2°K 
the spectrum shows some relaxation broadening. The 
theoretical extrapolation to zero relaxation gives a width 
(half width at half maximum) of 2-7 mm/sec for all five 
lines, which limit has already been practically reached 
by the leftmost two lines at 4-2°K. This residual width 
is three times the natural width. On the basis of additional 
measurements with a single-line HoAl, source it is 
believed that most or all of the extra width originates in 
the one-line absorber, but it was impossible to determine 
the absorber width accurately since the width of the 
HoAl, source in turn was uncertain. 

3. THE RELAXATION THEORY 

We are interested in the Mossbauer effect 
at the nucleus of a paramagnetic ion in a 
magnetically dilute substance, in which the 
paramagnetic moment may be viewed as 
being only weakly perturbed by its surround¬ 
ings. Although Mossbauer relaxation pheno¬ 
mena have been seen in magnetically 
concentrated materials subject to magnetic 
ordering[5], the dilute approximation is a 
good one for most cases in which relaxation 
effects on a magnetic hyperfine splitting are 
observed. 

Since the hyperfine splitting is dominated 
by the interaction of a nucleus with the 
electronic moment of its own ion, it is normally 
not consistent to regard this same interaction 
as being a weak perturbation on the nucleus 
when discussing the effects of relaxation on 
a resolved hyperfine splitting; instead, it is 
necessary to treat the nucleus plus paramagne¬ 
tic moment as a strongly-interacting, coupled 
system, which is then subject to weak per¬ 
turbing forces from the lattice or from other 
spins. In practice, for a Mossbauer nucleus 
in a paramagnetic ion, the relaxation forces 
coupled directly to the nuclear spin will be 


negligible compared to those coupled to the 
electronic moment. Nevertheless, in the 
coupled-system approach, it is necessary to 
consider the relaxation forces as operating on 
the system as a whole. Similarly, the gamma- 
transition process must be considered to 
operate on the system as a whole even though 
it is directly coupled to the nucleus only. 
Furthermore, in the coupled-system theory 
we cannot use a simple transition-rate de¬ 
scription even in terms of eigenstates of the 
coupled system. For example, suppose we 
think of a relaxation force as generating a 
transition between definite states of the 
coupled system with the nucleus in the excited 
state. We are still left with the question, what 
is simultaneously happening in the ground- 
state system which is at the other end of the 
gamma-radiation process? Clearly we cannot 
think of the ground-state relaxation transitions 
as something completely independent, since 
the same electronic moment is involved, yet 
the description of the relaxation as a transition 
between definite excited-system energy 
eigenstates does not constitute a well-defined 
description in the ground-state system. 
Difficulties of this sort compel us to abandon 
the simple transition-rate picture and turn to 
the more powerful density-matrix formalism. 
This yields a solution which we will be able 
to interpret in terms of relaxation transitions 
among certain equivalent elementary oscil¬ 
lators, instead of among eigenstates of the 
system. 

We begin our formal development by con¬ 
sidering a nucleus which is recoillessly ab¬ 
sorbing gamma radiation. The energy 
absorption spectrum is described by the 
imaginary part of an electric or magnetic 
multipole susceptibility of the nucleus, where 
the type of multipole corresponds to the 
particular gamma transition in question. This 
susceptibility is given by the Fourier trans¬ 
form of ((M(r)Af(O))), where M is an operator 
for the appropriate dynamic (very high fre¬ 
quency) multipole moment of the nucleus. 
Actually, the correct expression for the 
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sample as a whole is 2„ fdil r P(r, p) << M rj, (t ) 
0))>, where r is the direction of the 
gamma momentum relative to the local 
crystal axes, p enumerates two polarization 
directions normal to r, and P( r, p) is a normal¬ 
ized distribution corresponding to the experi¬ 
mental arrangement. For simplicity we will 
drop the polarization indices and restore 
them at the end of the calculation. The 
multipole operator M will depend on the 
coordinates of the individual nucleons, but 
its detailed form need not be considered; ail 
that is needed is its angular-momentum 
transformation rules, which are specified by the 
multipole type. The Heisenberg-representa- 
tion operator is M(t) = exp (iHt) M exp 
(—iHt), where the total Hamiltonian H intro¬ 
duces a dependence of M(t) upon the extra- 
nuclear environment. Since M functions as 
a transition operator, the matrix elements 
which contribute to ((M(t) M(0))) are 
M(/) 0 . ft where a denotes a state including 
(among other things) the nucleus in the 
internal excited state, and b includes the 
nucleus in the ground state, or vice versa. 
The double brackets denote an ensemble 
average, and our problem is to solve for the 
time dependence of the ensemble average of 
these off-diagonal M elements. If one wishes 
to consider the spectrum of recoilless emis¬ 
sion, the same formal expression is applicable, 
since according to the fluctuation-dissipation 
theorem [6] one may regard spontaneous 
emission as forced radiation driven by the 
zero-point fluctuations of the vacuum. 

We separate the total system into a ‘resonant 
system’ and a remaining part, referred to as 
the lattice or the thermal bath, which may be 
assumed to stay in good thermal equilibrium. 
As explained above, in the dilute paramagnetic 
problems we wish to consider the resonant 
system will consist of the nucleus and the 
electronic moment of a single impurity (which 
may be subject to time-independent Zeeman 
fields or crystalline electric fields). The inter¬ 
action between the bath and the resonant 
system in the Schrodinger representation is 


taken to be H, = l q K 9 F 9 , where the F 9 are 
operators involving the bath variables and 
the K 9 involve the resonant-system variables. 
Since we assume the relaxation forces to be 
coupled to the electronic moment, the K 9 
will actually involve the electronic variables 
(usually expressed by an effective spin) only. 

We now proceed to eliminate the bath 
variables by thermal averaging to obtain an 
equation of motion for M(t), which is regarded 
as a matrix having as dimensionality the 
number of degrees of freedom of the resonant 
system. This is the familiar density-matrix 
formalism in a representation where the 
operator M(t) is time-dependent and the 
density matrix of the resonant system, o- 0 , is 
time independent. We give the derivation only 
in brief outline, since the basic methods are 
well known [7], The total Hamiltonian is 
H = H„ + H n + H h where H a is the Hamil¬ 
tonian of the resonant system (including the 
nuclear internal energy), H„ is the Hamiltonian 
of the bath, and the interaction H, has been 
given above. //„ and H B commute, and the 
products of their eigenstates form a basis 
for the total physical system. We define 

M*(t) = exp (- i(H n + H„)t] M(t ) 

x exp [i(H 0 + H,)t). (1) 

The basic idea is that M*(t) is only weakly „ 
time-dependent since motion induced by H Q 
and H„ has been removed. The motion of 
M*(t) is given by 

i(d/d/)M*(/) = [A/*(/), //,*(/)] (2) 

where 

H*(t) = exp [~i(H 0 + H B )t]H l 
x exp [i{H 0 +H B )t]. 

(This definition is different from that appro¬ 
priate in the representation where the density 
matrix contains the time dependence.) By 
integrating equation (2) in an iterative 
approximation we obtain 
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(d/d t)M*(t) = - J“ dr[W,*(0. [W,*(r -T), 

XM*(I)]]. (3) 

In this equation we introduce matrix elements 
with respect to eigenstates of H 0 and take an 
ensemble average over the bath states to 
obtain 

(d/d2 (4) {-K-§Kl c MU0 

gj>.c 

X J T ) CXp i (toab to be) t ] 
+ K-JMUD K? d J,(oj dc ,T) 
Xexp[-i(o> ab + a> cd )t] 

+ Kl b MZ c {t)K-2J q (w ab ,T) 
x exp [- /'( w ab + ui cd )t] 

x exp [— i{a) br + W cd )r]}. (4) 

Here the spectral density is defined as the 
Fourier transform of the autocorrelation 
function of the bath variable F v in the thermal- 
equilibrium bath at temperature T : 

J q (u, T) = J__ dr exp (- tow) ((F^^F^t)) ) 

(5) 

where F v (r) = exp F° exp (— iH B r). The 
spectral density is of fundamental importance 
since it summarizes the totality of information 
about the relaxation forces in the host which 
can be obtained from measurement of any 
kind of paramagnetic relaxation phenomena 
in the resonant system. J q (<n, T) represents 
the probability that the bath give a quantum 
fun into the resonant system via the coupling 
K Q . It satisfies the important identity J q (— <o, T) 
= exp{funlkT) J q (<n, T) which describes the 
tendency of the bath to return the resonant 
system to thermal equilibrium. 

In addition to relaxation effects, we must 
also include a decay term to describe the 
effect of the gamma-resonance process itself 
on the motion [8]. In principle this term should 
describe only the excited-state natural lifetime 
of the nucleus itself, but in practice it will 


usually be permissible also to include inhomo- 
geneity broadening and the linewidths of both 
source and absorber, in place of the rigorously 
correct folding of the spectrum with a spectro¬ 
meter resolution function. Adding this term 
to equation (4) and rewriting in terms of 
M(t) we obtain as our final equation of motion 

(6ldt)M ad (t) = (im ad - D M ad (t) + (four terms) 

where the remaining four terms are the right 
side of equation (4) with M * replaced by M 
and the explicit phase factors deleted. 

We can simplify the solution of this differen¬ 
tial equation by regarding each combination of 
bra and ket indices as forming a single state- 
pair index [7]: for example, M ub (t) -» 

With this convention we can regard M(t) as 
a column vector and equation (6) becomes a 
matrix equation 

(d/dr)M(0 = Uoi' + R)M(r) (7) 

where the definition of the relaxation matrix 
R is obvious from equations (4) and (6) and 
where (,(*>'’ )t,j = [ (E a — E b )lh + /r]8 ( , ,, where 
8,,j is the Kronecker delta, if i corresponds 
to the state pair a. b. The solution of equation 
(7) is obtained by matrix exponentiation: 
M(r) = exp [(iw' + R)t]M(0). 

We can now compute the correlation 
function G(r) = {(M(/)M( 0))). Since the 
averaging of the bath variables has already 
been performed, the ensemble average re¬ 
duces to a trace with <r 0 . the density matrix 
of the resonant system. cr 0 describes the initial 
preparation of the system and is a thermal- 
equilibrium distribution if we are considering 
an absorber or the distribution immediately 
after a beta decay and quasi-instantaneous 
electronic re-arrangement if we are consider¬ 
ing a source.t In both cases it is diagonal: 
(cr(,)(,(, = iV b , where W b will be non-zero only 
for states with the nucleus in the ground or 


tThese statements may not hold if the system is 
prepared unconventionally, e.g, using coincidence 
techniques or with application of t, power. 
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excited state for the case of absorber or source 
respectively. Thus we have 

C(t) = 2 Mat) M a „(0) = (M(O)’W M(0) 

a A 

where in the last form we have written W„ as 
a diagonal matrix in an obvious way. The 
absorption or emission spectrum is propor¬ 
tional to the real part of j® dt exp (/cor) C(t), 
which gives 

/ (a. )=-/?<■{( M (0)) + (<wE-(«' +R)-' 

XWM(O)} (8) 

where E is the unit diagonal matrix. We must 
now reconsider polarization and angular- 
distribution effects. Our equation of motion 
solution is the same no matter which particular 
component of the radiation operator M we 
are discussing, so all that is necessary is to 
re-attach the polarization indices r ,p to the 
M,(0) operators. If only one value of r contri¬ 
butes, equation (8) will furnish the answer 
immediately. When there is r-averaging, 
however, it is better to handle it in formal 
analogy to the density matrix by defining 

£>i.< = 2 f dn r P(r,p)Mr(0)(Mr(0)r. <9) 

P J 

Then we have 

Hoj) = — Re 7>{D(/«E —/*>' +R) -1 W}. (10) 

Equation (8) or (10) represents our final 
result for the frequency spectrum, and may 
be straightforwardly evaluated in cases of 
interest. We may give a heuristic and graphic 
interpretation of this formal solution as 
follows. In Fig. 2 we schematically indicate 
a set of coupled-system energy levels (actually 
those appropriate to the Er-Zr problem). The 
possible gamma transitions in the coupled 
system, which we will refer to as elementary 
oscillators, are indicated by downward lines; 
each elementary oscillator corresponds to a 
unique pair of states, described by a state-pair 


index, /, and corresponding to a row or column 
in our matrix notation. The oscillator j has 
radiation amplitude M ( ,J *(0) in direction r 
with polarization p. In general, the frequencies, 
intensities, and radiation patterns of the 
various oscillators will be different. The ele¬ 
ments of the relaxation matrix must be thought 



f ; ig. 2. Schematic representation of the eigenstates of 
the coupled nuclear-paramagnetic system in Er-Zr. The 
ten upper levels involve the 80-6 keV excited nuclear 
stale. Downward lines with arrows denote the gamma 
transitions (elementary oscillators) between pairs of 
individual levels. The wavy lines symbolize two of the 
possible relaxation coupling terms. 

of as corresponding not to transition rates 
between eigenstates, but rather to switching 
rates between the elementary oscillators. Two 
such R t , j elements are indicated schematically 
by the wavy lines in Fig. 2. There are also 
diagonal R elements related to the off-diagonal 
ones. The effect of relaxation is to cause 
groups of connected oscillators to broaden 
and shift when the switching rates are mod¬ 
erately slow, and to merge into a single narrow 
line at a weighted-mean frequency when the 
switching rate is fast. The switching corres¬ 
ponds to a switching of amplitude, not of 
intensity, and it has a phase ‘memory’ so that 
one has narrowing, instead of uncertainty- 
principle broadening, in the fast-switching 
limit. 
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4. EXAMPLES OP RELAXATION BEHAVIOR 

In the present section we will give some details of the 
application of the results of Section 3, particularly for the 
case of Er-Zr but with reference to some other cases. The 
discussion is intended to provide a concrete example of 
the formalism and to bring out some of the reasons for 
the sort of relaxation behavior which is observed. 

The formal solution is of wide validity. For example, 
it can be used for a formal treatment of the entire J = 15/2 
manifold of states in Er'®, as is necessary for analysis of 
relaxation processes involving the ground doublet but 
proceeding via higher crystal-field levels [9], For the 
present, however, we wish to avoid complexity by re¬ 
stricting our treatment to the ground doublet only. To 
justify this we invoke the following theorem, which is 
intuitively reasonable and will be proved elsewhere [9], 
Provided that the remaining crystal-field levels are at 
sufficiently high energy, their effect on the hyperfine 
spectrum is equivalent to that of an extra paramagnetic 
relaxation, i.e. of an extra spectral density acting on the 
ground doublet. It can also be shown[9] that under these 
same conditions the initial preparation of the source is 
approximately equivalent to an equal population of all 
coupled-system states formed from the ground doublet 
and the excited nucleus. 

To further simplify, we will neglect the small quadru- 
pole interaction in Er-Zr and will also use (AJA,) = e 
as the basis of a power-series expansion to order t 2 . 
where A is the magnetic hyperfine tensor coupling the 
excited-state nuclear spin to the effective spin 5 = J of 
the electronic ground doublet. (The actual value(2] 
of * is ±0-21.) These approximations are for purposes of 
discussion only and the actual theoretical spectra have 
been obtained by direct computer evaluation of equation 
(10) without approximations. Using the small-* approxi¬ 
mation. the coupled-system energy eigenvalues, and the 
eigenstates in terms of the basis states |/,, S z ), are easily 
found as listed in Table 1 and schematically represented 


in Fig. 2. The states can be divided into those consist¬ 
ing predominantly of S, = — i. which are on the left in 
Fig. 2, and those predominantly of S, = +i, on the right. 
The elementary oscillator amplitudes Af, rj, (0) consist of 
a sum of products of an electronic overlap with a nuclear 
transition matrix element. The oscillators connecting 
states of parallel predominant 5,, indicated by vertical 
lines in Fig. 2, all have electronic overlap parts approxi¬ 
mately unity, while those connecting oscillators of 
opposite predominant 5,. indicated by diagonal lines, have 
overlap parts of order c and hence are relatively weak. 
In the important special case when all directions r are 
equally sampled, as in our experiments, the evaluation of 
the directional averaging in equation (9) is made simple 
by the cancellation of interference terms between ampli¬ 
tudes corresponding to different types of nuclear transi¬ 
tion. that is, between amplitudes generated by different 
spherical-tensor components of the nuclear-transition 
operator which connects the excited-state spin I„ with the 
ground-state spin 1„. Using these considerations and 
Table 1. the weighting matrix D of equation (9) can easily 
be found. 

The physical origin of the relaxation forces will be 
discussed in Section 4. For the present, we assume only 
that they are intrinsically isotropic in terms of their 
coupling to the total electronic angular momentum J. and 
that their frequency spectrum is ‘white’ over frequencies 
of the order of the hyperfine splitting. This yields an iso¬ 
tropic spectral density J(u>. T) ~ Jtfl. T) but an aniso¬ 
tropic coupling tensor K when projected onto the 
electronic ground doublet: (K‘, K ± ) = (g c S z . fi x S~lVl), 
where the electronic g tensor satisfies gjg z = A JA, = t 
Calculating the relaxation-matrix elements from equation 
(4). we see that the lowest-order off-diagonal K’ contri¬ 
butions are of order e while the lowest-order K * contri¬ 
butions are of order e z ; however, the former connect 
strong elementary oscillators to weak ones while the 
latter connect pairs of strong oscillators. This means that 


Table 1. Approximate eigenstates and energies of the 
coupled nuclear-paramagnetic system in Er-Zr. Basis 



states are jl z , S z > 


Ground states 

!«> = !+> 
\P) = I -) 


Energy 
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the K'-induced transitions will be more important at 
low temperatures where the spectral density is small, 
whereas the ^-induced transitions between the strong 
lines will be dominant at higher temperatures where the 
larger spectral density can compensate the e' factor. 

Specifically, the most important K- contributions are 

Rla.1t m R$fi, ta * Rfla, Iftfi 381 Riot.la “ £*/2 “ (II) 

Dla,a * If4 a.la m Rla.it “ Rlt.la “Afj,/2 33 (12) 

plus some diagonal R elements. The elements of equation 
(11) plus corresponding diagonal elements, taken alone, 
give two identical submatrices of (iwE - ita' + R) which 
describe the broadening of the two outer lines of the 
low-temperature gamma spectrum and their merging into 
a central line at the zero-velocity position. The elements 
of equation (12) give a similar but separate broadening 
and merging of the 2nd and 4th lines. The behavior in 
each two-oscillator sub-problem is similar to that shown 
by the well-known model of Anderson(10] for fine- 
structure collapse in NMR. Since the R t l elements are 
equal in the two sub-problems but the frequency difference 
between the 2nd and 4th lines is smaller than that between 
the 1st and 5th lines, one expects the broadening and 
merging of the inner pair to set in before that of the 
outer pair. 

The most important K' contributions are 

Rta.t* 33 — Rit.tt 33 RlB.lt ~ ~ R»«.la — ~ Kt* V§ * (13) 

plus symmetric dements R u ,.^~ etc., and diag¬ 
onal elements. These contributions, taken alone, de¬ 
scribe a tendency of the 3rd and 4th lines from the left 
in the low-temperature spectrum to broaden and shift 
toward one another. However, in this case there is an 
important difference: due to the unequal strengths of the 
coupled elementary oscillators, expressed by the asym¬ 
metric weighting factors A# ( r "(0). the 3rd and 4th lines 
do not tend to merge into a collapsed line halfway be¬ 
tween them in the fast-relaxation limit of the sub-problem, 
Rather, this limit yields two narrow lines, one somewhat 
to the right of the original position of the 3rd line (exactly 
at the zero-velocity position, in fact) and one somewhat 
to the left of the original 4th-iine position. 

On the basis of the foregoing simplified discussion, we 
thus expect the following relaxation behavior as a func¬ 
tion of increasing temperature: at a fairly low temperature, 
due to the K * coupling, the 3rd and 4th lines tend to first 
broaden and then narrow again, having taker up new 
positions somewhat nearer to one another. (Actually there 
is also a similar but smaller effect involving the 2nd and 
5th lines which wd have ignored.) Then, at higher tempera¬ 
tures, due to the A* coupling, first the 2nd and 4th. and 
then the 1st and 5th lines tend to broaden and collapse 
into a central narrow line. Computer evaluation of equa¬ 
tion (10) shows these conclusions to be correct except 
that, due to the finite value of e. the second phase begins 
before the first can be completed. It should be clear that a 
qualitative discussion of this sort can be useful but is 
not a satisfactory substitute for a full computation. This 
is especially true since the matrix inversion operation in 
equation (10) is highly non-linear, with the consequence 
that the effects of various R t ,, elements are not additive. 


The actual computations for the case of Er-Zr were 
carried out by means of a computer program into which 
the hyperfine coupling constants determined in Ref. [2] 
were fed to yield the necessary coupled-system eigen¬ 
states and matrix elements. The only theoretical unknowns 
are the phenomenological width in the absence of re¬ 
laxation, which is fixed by the 4-2‘“K data as mentioned in 
Section 2, and a spectral density specifying the strength 
of the relaxation forces at each temperature. The most 
time-consuming operation is the matrix inversion in 
equation (10), but this is simplified by the fact that many 
off-diagonal elements of R vanish, yielding submatrices 
which can be inverted separately. A spectrum with 200 
velocity points could be computed with about 5 sec 
computing time per set of input parameters. The best-fit 
theoretical curves obtained at each temperature are 
shown with the experimental points in Fig. 1. The cor¬ 
responding values of the spectral density will be given, 
and their significance discussed, in Section 6. 

We have mentioned that the relaxation matrix R usually 
has many vanishing off-diagonal elements, so that the 
elementary oscillators of Fig. 2 break up into groups having 
no connection wiih one another, each group correspond¬ 
ing to a submatrix of R. This constitutes a computational 
convenience, but it also corresponds to an important 
feature of our relaxation model. In the fast-relaxation 
limit each connected group of oscillators will yield a 
single narrow line at the intensity-weighted mean fre¬ 
quency of the group. It can happen that the weighted mean 
frequencies of the various groups differ from the zero- 
velocity position, so that in a certain fast-relaxation limit 
one sees a resolved splitting into ghost' lines which do not 
correspond to real hyperfine energy levels. Of course, 
at sufficiently high temperatures more relaxation channels 
must open up. corresponding to a breakdown in the 
approximate submatrix structure appropriate to low 
temperatures and resulting in collapse into a single line. 
According to the above discussion, there is a tendency 
for this 'ghost' line phenomenon to occur in Er-Zr at 
moderately low temperatures (■« I5°K) where the K’ 
relaxation coupling is dominant, but it is not very striking 
since the ghost-line positions lay near those of the real 
energy levels, and since the K‘ coupling does not remain 
dominant to a sufficiently high temperature. In Fig. 3 
we show theoretical relaxation spectra computed for a 
simple model which has been contrived to illustrate the 
phenomenon more clearly. The basic requirement for the 
ghost-line effect to be pronounced is that the dominant 
relaxation coupling be of very high symmetry. Since this 
is usually not the case in practice, it will be difficult to 
find experimentally such a clear example of the pheno¬ 
menon as is shown in Fig. 3. Nevertheless it should be 
kept in mind that the relaxation behavior for paramagnetic 
ions with non-diagonal hyperfine interaction will often 
exhibit some tendency in this direction. 


5. COMPARISON TO OTHER RELAXATION 
THEORIES 

There exists a considerable body of 
theoretical literature concerning relaxation 
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Fig. 3. Theoretical relaxation spectra for a model chosen 
to illustrate the ‘ghost line’ effect. We consider an iso¬ 
tropic electronic doublet S = J and a |-*0 nuclear 
transition with magnetic hyperfine interaction of strength 
unity, i.S, in the excited state. The natural linewidths 
are 0-1 (HWHM). The relaxation coupling tensor is taken 
to be (K‘, K 1 ) = (S*. (0-03/V21S*). For weak relaxation 
(uppermost curve) one sees lines corresponding to the 
real energy levels of the system in the excited state. 


phenomena in the Mossbauer effect. Concern¬ 
ing the more genera] forma] aspects of the 
subject we especially recommend consulting 
Refs. [8] and [11], where approaches similar 
to the present one have been used. The 
desirability of treating the electronic moment 
as part of the quantum-mechanical resonant 
system has been widely understood, and 
several formalisms capable of doing so have 
been published[12,13]. These results, how¬ 
ever, were not carried far enough to yield 
explicit solutions or fits to experimental 
data. In the present section we are interested 
in comparison with some previous theories 
in which actual computations and fits have 
been made, with special emphasis on the 
domains of validity of the respective theories. 

The conceptually simplest relaxation prob¬ 
lem arises when it is possible to approximate 
the influence of the electronic moment on 
the nucleus by an effective classical field, 
so that the nucleus alone may be taken as the 
quantum-mechanical resonant system. A good 
example occurs when the magnetic ion con¬ 
taining the Mossbauer nucleus is part of a 
magnetically concentrated substance below 
its ordering temperature[14,15,16]. In this 
case the time-average hyperfine field will con¬ 
stitute a large static effective field and the 
fluctuations about the average value will 
normally have a fast enough correlation time 
and a small enough net effect to be treated as a 
perturbation. Such theories, when the magnetic 
part of the hyperfine interaction is dominant, 
normally yield a spectrum of equally-spaced 
lines in which the outer lines are the first to 
be weakened and broadened by relaxation. 
Sufficiently fast relaxation results in a single 
narrow central line. 

In the case of Mossbauer resonance in the 


which correspond to the two values F = i, i of the total 
effective angular momentum F= I+S. with degeneracies 
4 and 2 respectively. For intermediate spectral density 
strength, where only K‘ coupling is important, three 
‘ghost’ lines appear which do not correspond to real 
energy levels. Finally for large spectral densities the 
K* relaxation terms come into play to give a single narrow 
line. 
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paramagnetic state where the magnetic 
hyperfine interaction is diagonal, the effect 
of the electronic moment on the nucleus is 
also equivalent to that of an effective field, 
which can take on the values ±H t „i only. 
This may be described as an adiabatic time- 
dependent effective-field model, since the 
effective field has no perpendicular compo¬ 
nent and is thus unable to induce nuclear 
spin-flip transitions. The time average of the 
effective field will vanish in the absence of an 
external field, and in cases of interest the 
correlation time characterizing its fluctuations 
will be comparable with the nuclear Larmor 
time corresponding to This means that 
the frequency spectrum of the random motion 
of is not ‘white’ as it would be in the 
limit of a short correlation time. In order to 
proceed using the effective field approxima¬ 
tion, it is necessary to introduce a pheno¬ 
menological stochastic model [7,10]. for the 
frequency spectrum of H e „. This should be 
compared with the coupled-system method, 
in which the electronic moment is treated 
as part of the quantum-mechanical resonant 
system so that the frequency spectrum of its 
motion need not be explicitly found. In the 
coupled-system method, random forces enter 
the picture at the stage of the interaction of 
the coupled system with the thermal bath, 
where the fast-correlation approximation 
is always valid in practice. Although the 
stochastic method is capable in principle of 
yielding exactly the correct Mossbauer spec¬ 
trum, this requires that exactly the correct 
stochastic model be found. In practice, the 
stochastic method as applied to this problem 
introduces an approximation without any 
appreciable gain in simplicity as compared to 
the coupled-system method, so it would 
appear that the latter is to be preferred. The 
coupled-system method with diagonal hyper¬ 
fine interaction constitutes a special case of 
the present theory, which has been treated 
extensively by Wickmann and others[ll,3, 
17]. The theoretical spectra again show that 
the outef lines are the first to be affected by 


relaxation in the simplest cases, although in 
practice this simplicity may be obscured by 
the superposition of several lines having 
different intrinsic intensities and also by 
different thermal populations of the electronic 
states [11]. 

In the case of Mossbauer resonance in the 
paramagnetic state where the magnetic 
hyperfine interaction is not diagonal, to re¬ 
present the effect of the electronic moment on 
the nucleus by a time-dependent effective 
field would result in a non-adiabatic model, 
since the effective field would now have 
perpendicular components capable of inducing 
nuclear spin flips. We wish to emphasize that, 
aside from the practical difficulties of solution 
which are introduced by this non-adiabatic 
aspect[18j, the effective-field model is no 
longer capable, even in principle, of yielding 
a correct solution. This is immediately obvious 
since even in the limit of very slow motion of 
the effective field the correct level scheme 
and gamma spectrum cannot be reproduced 
[3,4], The source of the difficulty is that the 
motion of the electronic moment now has a 
phase-coherent component due to its inter¬ 
action with the nuclear spin in addition to the 
random component due to interaction with 
the thermal bath, so it cannot adequately 
be described by a stochastic model. In order 
for a non-adiabatic stochastic effective-field 
model to be correct it is necessary that the 
effective field in question really correspond to 
a classical field, that is to a field representing 
the combined effect of a large number of 
quantum-mechanical degrees of freedom. As 
applied to the problem of paramagnetic 
Mossbauer spectra with non-diagonal hyper¬ 
fine interaction, the stochastic effective-field 
model may be considered as as being compli¬ 
mentary to the present one in the sense that 
it becomes valid in the limit of a very large, 
and hence classical, paramagnetic moment, 
where the present theory remains formally 
valid but becomes unwieldy. It is of course 
possible to treat the present problem by 
stochastic methods if one takes the whole 
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nuclear-paramagnetic system as the resonant 
object and represents its surroundings 
stochastically-described random forces. It 
has been pointed out to the author by M. 
Blume (private communication; M. Blume 
and M. Clauser, to be published) that such a 
treatment is implicitly contained in Ref. [ 12]. 
Retaining only the first term in a cumulant 
expansion in the stochastic treatment is 
equivalent to the physical assumption of a 
temperature bath remaining always in good 
equilibrium which we have used in obtaining 
the density matrix equation of motion. The 
present derivation offers advantages of 
directness and simplicity when the assump¬ 
tion of a temperature bath in good equilibrium 
is well justified, as in our experiment, but the 
results of the two treatments should be the 
same. 

In conclusion, we emphasize that as com¬ 
pared to the other relaxation models reviewed, 
the theory of Section 3 yields a considerably 
wider variety of relaxation behavior. As was 
seen in the example of Er-Zr, the effect of 
relaxation can manifest itself initially any¬ 
where in the spectrum, not necessarily on the 
outer lines, depending on the details of the 
problem. Furthermore, once relaxation has 
started, it need not continue simply as a mono- 
tonic tendency for each line to broaden and 
transfer its weight directly toward a narrow 
central line; instead it can exhibit the 'ghost 
line’ phenomenon or other more complicated 
forms of behavior. Of course, in all cases a 
single narrow line must finally result at suf¬ 
ficiently high temperature. 

6. THE s-f EXCHANGE INTERACTION IN Er-Zr 

In metals at low temperatures the para¬ 
magnetic relaxation of the localized moment 
is expected to be dominated by its exchange 
coupling to the conduction-electron spins. 
If we assume a short-range, delta-function 
type of coupling 

H,=- 2 J ,- r (A - 1) s. J 8(r, - r,) 
and non-interacting conduction electrons 


with a density of states (including twofold 
spin degeneracy) per atomic volume of N £ , 
equation (5) can be evaluated straightforward¬ 
ly to yield a spectral density, for |/Ut>| < kT . 

ii 

y(a>, T) « (ir/2)[(A— 1)1 E )* kT. (14) 

Here A = £ is the Lande factor. 

Reality is a good deal more complicated 
than this simple model. In the first place, 
the s-f interaction, which contains contribu¬ 
tions both from an exchange integral [191 and 
from interband mixing effects [20], actually 
has a finite range in real space, i.e. a wave- 
number dependence, as has been investigated 
by Watson and co-workers [19,20,21] in 
first-principle calculations using Hartree- 
Fock rare-earth ion wavefunctions and 
orthogonalized plane wave conduction elec¬ 
tron states. They find that 7,_/(k, k') ~ J,- f 
(jk—k'|) decreases as a function of |k — k'j. 
typically goes through zero at a value of 
|k —k'| in the vicinity of 2 k r , and tends to 
oscillate for large jk — k'|. When this depen¬ 
dence is taken into account, the 
which appears in equation (14) is replaced by 
a mean value with k and k' averaged over the 
Fermi surface. The k dependence thus affects 
the relaxation rate less drastically than it does 
the long-range spatial spin-density distribu¬ 
tion (dominated by jk — k'j = 2 k f ) which was 
emphasized in Refs. [19] and [21]. The effect 
of the k dependence is to give a smaller 
relaxation rate as compared to the zero-range 
assumption. 

One should also take into account the band 
structure of the conduction electrons. Zr has 
a valence configuration 5s 2 4 d 2 and according 
to APW calculations by Loucks[22] the 
band structure is qualitatively similar to that 
found by Freeman and co-workers [23] for 
Tm, so the s-f interaction problem for a rare 
earth impurity in Zr should be similar to the 
same problem for pure rare earth metals. At 
present, however, very little is known 
about the effects of band structure on 
It is not even certain whether the interaction 
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with 5 -like or with d -like bands should be 
more important, since the 4/-4d radial over¬ 
lap is large but there could be an angular 
cancellation. The band structure could result 
in a strong directional dependence of7,_/(k. k') 
in k space, but this will not result in any 
anisotropy of the spectral density so long as 
the s. J form of coupling is preserved for 
each k. k'. 

It is to be expected that an interaction 
between conduction electrons will also be 
present, which will enhance the effects of 
J,. { on magnetic relaxation[24,25,26]. 
Evaluation of this effect in a complicated 
band structure is very difficult, however. 
Analysis of analogous effects in nuclear 
magnetic relaxation in normal (non-transition) 
metals[25] indicates that the relaxation rates 
are enhanced by up to a factor 2. 

It appears therefore that the estimation 
from first principles of the effective strength 
of the s-f interaction is very uncertain at the 
present time. However, one can be more 
confident that the proportionality of the 
spectral density to the temperature, which is 
due to the Fermi statistics, remains correct. 
It is true that this temperature dependence 
can in principle be upset by band effects (if 
they introduce very sharp structure into the 
density of states) or by electron-electron 
interactions (if they tend to drive the system 
ferromagnetic) but it seems very unlikely that 
such effects could manifest themselves over 
the temperature range up to 35°K where our 
data is taken. We shall thus interpret the data 
using equation (14), where it is understood 
that now represents an appropriately 

weighted and enhanced average over k. The 
appropriate weighted value of J,- f could be 
somewhat different in other types of experi¬ 
ment, but not, as we have emphasized in 
Section 3, in other paramagnetic relaxation 
experiments. 

In Fig. 4 are shown the spectral-density 
values corresponding to the relaxation fits 
of Fig. 1. From the slope of this curve in the 
range 4°-15 e K, where it is linear, we obtain 



Fig. 4. Values of the effective spectral density J{O.T) 
acting on the ground electronic doublet in Er-Zr at var¬ 
ious temperatures, corresponding to the best-fit theoretical 
spectra in Fig. 1, The two lowest-temperature points are 
also shown magnified 10 x. 

|y„_,iV e | =0 034. If the value N E = 0-66/eV 
calculated by Loucks[22] be adopted, one 
obtains \J,- t \ — 0-05 eV. 

High-temperature deviations of the apparent 
spectral density from proportionality to T 
are to be expected when relaxation proceed¬ 
ing via the higher crystal-field levels comes 
into play. We tentatively attribute the high- 
temperature effects seen in Fig. 4 to transitions 
via crystal-field levels lying at energies of 
30°-50°K above the ground doublet, driven 
predominantly by the s-f exchange coupling 
[27] at intermediate temperatures and pre¬ 
dominantly by phonons[28] at the highest 
temperatures. These effects will be considered 
in detail elsewhere [9]. 

7. CONCLUSIONS 

We have experimentally measured and 
theoretically interpreted the recoilless 
nuclear gamma emission spectrum of Er 186 
as a dilute impurity in Zr metal. To obtain 
the Mossbauer spectrum under the influence 
of relaxation, we have solved the motion of 
the coupled system of nucleus and paramag¬ 
netic moment. The eigenstates of this system 
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are known from previous analysis of the low- 
temperature splitting pattern. Hence the 
relaxation fits at each temperature involve 
only one important theoretical unknown, 
which is a spectral density describing the 
effective strength of the fluctuating fields 
in the host which act on the electronic moment 
and are responsible for the relaxation. This 
theory yields a good fit to the data. 

The success of the relaxation theory in 
reproducing the details of the experimentally 
measured spectra in Er-Zr is gratifying, but 
it ought not to be surprising, since our 
calculation represents the solution of a well- 
grounded model without any assumptions of 
a heuristic or arbitrary nature. The real 
importance of the method is not that it permits 
the Mossbauer spectra to be fitted, but 
rather that it permits measurement of the 
relaxation forces. The information so ob¬ 
tained is the same as could in principle be 
determined by EPR, but the Mossbauer 
method offers important practical advantages, 
especially in the fact that its sensitivity is 
not reduced, as is that of EPR, by the presence 
of metallic conductivity. This permits measure¬ 
ments in metals to be extended to much higher 
temperatures than would be feasible with 
EPR, where sensitivity problems are severe 
at any temperature. Temperature control is 
also easier in the Mossbauer method since the 
heat leak to the sample can be made very 
small. 

Since the relaxation at low temperatures 
is dominated by the s-f exchange interaction, 
the basic quantity determined by our measure¬ 
ments is the product of a mean s-f exchange 
strength and a density of states: \J„- f N K \ = 
0034. 
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Resuinl— Nous avons etudie systematiquement les proprietes magnetiques des oxysulfures de terres 
rares T 2 0 2 S, pour des temperatures comprises entre 2° et 700°K. Les composes oil T = Ce, Pr, Nd, 
Sm, Eu, Er, Tm restent paramagnetiques jusqu'aux plus basses temperatures que nous avons atteintes 
experimentalement; ceux ou T = Gd, Tb, Dy, Ho et Yb s'ordonnent antiferromagn&iquement, avec 
des temperatures de Neel comprises entre 2,5°K (Ho) et 7,7°K (Tb): nous avons pr6cis£ les proprietes 
dans le domaine ordonne par I’etude des structures magnetiques par diffraction neutronique et par 
celle des proprietes metamagnctiques induites dans des champs eiev6s. 

Abstract-The magnetic properties of the rare earth oxisulfides have been systematically studied in the 
temperature range 2-700°K. Compounds with T = Ce, Pr, Nd. Sm. Eu, Er. Tm are paramagnetic to 
the lowest temperatures we have reached experimentally; those with T = Gd. Tb, Dy. Ho, Yb are 
ordered antiferromagnetically, with a Neel temperature between 2-5°K (Ho) and 7-7°K (Tb). The 
magnetic properties in the ordered state have been studied by neutron diffraction and metamagnctic 
transitions have been investigated in high magnetic fields. 


1. INTRODUCTION 

Dans le cadre d’une etude sur les interactions 
magnetiques entre ions terre rare trivalents et 
sur le comportement de ces ions dans un 
champ cristallin de symetrie C 3 ,-, nous avons 
effectue une serie de mesures magnetiques sur 
les composes T 2 0 2 S, ou T represente une 
terre rare trivalente variant de Ce a Yb, ainsi 
que I’yttrium. 

Les oxysulfures de terres rares, prepares a 
1000°C par sulfuration controlee des oxydes 
Tjj 0 3 , cristallisent dans le systeme hexagonal 
[1,2]; la structure cristaihne peut se decrire 
dans le groupe d'espace P3ml-D!] (# [3], et I’ion 
magnetique est place dans un site de symetrie 
ponctuelle C,„.. 

Les proprietes magnetostatiques ont ete 
etudiees sur des echantillons polycristallins a 
i’aide de plusieurs techniques experimentales: 

dans la zone de temperature 2-700°K, par 
une balance de translation d’un type analogue 

*Ce travail fait partie d’une these de Doctorat 4s 
Sciences Physiques, enregistree au Centre de Documen¬ 
tation du C.N.R.S. sous le Numero AO 3319, qui sera 
soutenue prochainement par G. Quezel. 


a celle decrite par Cohen [4], dans un champ 
magnetique de 9500 oersted, 
dans la zone des tres basses temperatures, 
correspondant au domaine ordonne pour un 
certain nombre de composes, par une methode 
d’extraction axiale[5J, mise au point dans 
notre laboratoire par Mollard, 
enfin, nous avons realise des etudes en 
champs magnetiques eleves (75 Koe), sur 
1’appareillage realise par Feron[6]. 

2. PROPRIETES PARAMAGNETIQUES 
Tous les oxysulfures T 2 0 2 S presentent des 
proprietes paramagnetiques jusqu’a des 
temperatures voisines de 1’helium liquide; 
certains d’entre eux restent paramagnetiques 
jusqu'aux temperatures les plus basses 
atteintes avec notre appareillage, c’est-a-dire 
environ 2°K. 

Dans tous les cas oil la correction etait 
importante, nous avons retranche le dia- 
magnetisme des ions, suivant les valeurs 
donnees par Selwood[7]; nous avons par 
ailleurs mesure, a differentes temperatures, la 
susceptibilite diamagnetique de Y 2 0 2 S. que 
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nous avons trouvee en bon accord avec la 
valeur calculee (x» mesuree: 70. I0 -6 pour \ M 
calculee: 86.10'* u.6.m). 

Nous avons reporte (Fig. J) les valeurs des 
susceptibility molaires xm & la temperature de 
293°K, en meme temps que les valeurs 
rassembl6es par Schieber[8] pour les oxydes 
T 2 0 3 ; I’accord avec la courbe classique 
etablie par Hund et Van Vleck est excellent. 
On remarque cependant que la valeur du xm de 
Ce 2 0 2 S est tr£s inferieure a celle de Ce 2 0„. 

L’oxysulfure Ce 2 0 2 S reste paramagnetique 
jusqu’aux plus basses temperatures obtenues 
dans nos experiences; la courbe (l/x)( T) 
presente une forte concavity vers l'axe des T 


au-dessous de 150°K environ. La constante de 
Curie C M , evaluee dans la z6ne lineaire, est 
inferieure a la valeur calculee pour l’ion fibre 
Ce 3+ (C M mesuree = 0,73; C w calculee = 0,82) 
(Fig. 2). Nous avons observe par ailleurs, au 
cours des mesures faites a moyenne tempera¬ 
ture (300° a 600°K, sous pression reduite 
d'helium), une decroissance continue de la 
susceptibilite, accompagnee d’un changement 
d’aspect du produit. Bien que 1’analyse aux 
R.X. ne nous ait pas permis d’identifier le 
compose forme, nous pensons que la d6crois- 
sance de x,» est due a la transformation de 
Ce :,+ en Ce 4+ , isoelectronique de La :H et done 
non magnetique. 



La Ct ft- HdPmSrrEuOdTb Dy Ho Er TmYb Ui 

Fig. I. Valeurs de la susceptibilite mOlaire des oxysulfures et des 
oxydes de Terres Rares a 293°K. 
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Fig. 2 Inverse de lasusceptibilite molaire enfonction de la lemperature pour I'oxysulfure 

de Ce. 


L'oxysulfure de Neodyme reste paramag- 
netique jusqu’a la temperature de 2°K; la 
courbe (1/x)(T) correspond a une loi de 
Curie-Weiss jusqu’a une temperature voisine 
de I0°K, avec une constante de Curie corre- 
spondant a la constante theorique de l’ion 
libre (C,„ mesure=l,62; C, w theorique = 
1,63). Au-dessous de T — I0°K, la susceptibi¬ 
lity augmente rapidement et la courbe 
(1/x) (7") s'incurve vers I’axe des T (Fig. 3). 

L’oxysulfure Pr. 2 0 2 S obeit egalement a une 
loi de Curie-Weiss au voisinage de la tempera¬ 
ture ambiante, avec une constante de Curie 
mesuree egale a la valeur theorique de l’ion 
libre Pr 1+ (C M mesure = 1,61: C M theorique = 
1,60). La courbe (1 lx)(T) s’incurve vers l’axe 
des T au-dessous d’une temperature de 150°K 
environ, contrairement a l’oxysulfure PrOS 
etudie anterieurement[9] (Fig, 4), ou a I’oxyde 
Pr 2 0 3 etudie par Kern [ 10], 

Les oxysulfures de Sm et d’Eu restent 
paramagnetiques jusqu’a la temperature de 
2°K; les courbes (l/x)(T) ne sont pas des 
droites de Curie-Weiss. Nous avons montre 


ailleurs [11] que la partie basse temperature de 
la courbe de Eu 2 0 2 S s’expliquait par la 
presence de 1 % environ d’ions divalents Eu 2+ . 
On constate par ailleurs que la courbe 
(1 lx)(T) de Sm 2 0 2 S passe par un maximum 
etale au voisinage de T = 350°K (Fig. 5). 

Les oxysulfures de Gd, Tb, Dy et Ho 
suivent une loi de Curie-Weiss entre la tem¬ 
perature ambiante et des temperatures voisines 
de celles de l'helium liquide, ou apparait un 
ordre antiferromagnetique [II]. Les constantes 
de Curie observees correspondent avec une 
tres bonne approximation a cedes que I'on 
calcule pour les ions libres T 3+ correspon- 
dants. Les temperatures de Curie paramag¬ 
netiques sont comprises entre —8° et — 18°K. 

Les mesures magnetiques effectuees sur 
Er 2 0-,S montrent un comportement para- 
magnetique jusqu’a 2°K: la temperature de 
Curie paramagnetique, voisine de —7°K, 
semble indiquer des interactions d’echange 
comparables a celles de Ho 2 0 2 S ou de 
Yb 2 0 2 S: cependant, un diagramme de diffrac¬ 
tion neutronique, realise a la temperature de 
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Fig. 3. Inverse Ue la snsecptibihte molaire en function de la lempeiaturc pour roxystilfurc 

de Nd 



Fig. 4. Inverse des susceptibilites moleculaires en fonclion de lu temperature pour les 

oxysulfures de Pr. 
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Fig. 5 Inverse des susceptjbilites molaires en function de la temperature pour les 
oxysulfures de Sm et d'Fu. 


0,3°K dans un cryostat a 3 He n’a revele la 
presence d’aucune raie de surstructure magne- 
tique. La courbe (1 !x){T) presente, au- 
dessous de T = 30°K, une legere concavite 
vers I’axe des ordonnees, tandis que la con¬ 
cavite s’inverse au-dessous dc T = 15°K 
(Fig. 6). iLa constante de Curie est egale a 
celle calculee pour I'ion libre (C„ mesuree =■ 
11,62: C i, theorique = I 1,57). 

L’oxysulfure de Tm suit la loi de Curie- 
Weiss entre la temperature ambiante et 3()°K 
avec une constante de Curie correspondant a 
la valeur theorique de I’ion libre. (C„ mesuree 
= 7,I4:C,„ theorique = 7,10). Au-dessous de 
T = 20°K. la courbe presente une concavite 
tournee vers I'axe des ordonnees, et la sus¬ 
ceptibility devient sensiblement constante 
au-dessous de 8°K (Fig. 7). 

L’oxysulfure d'Ytterbium reste paramag- 
netique jusqu’a une temperature voisine de 
3°K; la courbe (\I\)(T) presente une forte 
concavite tournee vers I’axe des T , au- 
dessous de T = 100°K. Elle semble ensuite 


lineaire jusque vers 350°K, mais la constante 
de C urie que Ton calcule dans cet intervalle 
est nettement superieure a celle de I’ion libre 
(C,„ observee = 2,84; C„ theorique = 2,57). 
Entre 550 et 700°K, nous obtenons de nou¬ 
veau une representation lineaire, et la con¬ 
stante de Curie est egale a celle de I’ion libre 
(C„ mesuree = 2,55). La temperature de 
Curie paramagnetique. definie par cette 
portion de courbe, vaut 6„ — —6,5°K environ 
(Fig. 8). 

3. PROPRIETES ANTIFERRO ET 
METAMAGNETIQl/ES 

Les oxysulfures de Gd, Tb. Dy, Ho et Yb 
deviennent antiferromagnetiques a basse 
temperature, avec des temperatures de Neel 
comprises entre 2,5°K (Ho) et 7,7°K (Tb); 
Failure tres differente des courbes de suscepti- 
bilites, mesurees dans un champ fixe de 9500 
oe (voir par exemple la Fig. 9 pour Ho a 0 2 S et 
Tb 2 0 2 S) nous a incites a etudier I'aimantation 
des oxysulfures de Tb, Dy, Ho et Yb en 
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Fig. 7. Inverse de la susceptibility molaire en fonction de la temperature pourTm.O,S. 




Fig. 9. Transitions antiferromagnetiques pourTb,O s S et Ho a 0 2 S. 
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fonction du champ magnetique applique, pour 
des temperatures infericures a la temperatures 
d’ordre, et pour des champs atteignant 
75 kOe. 

Pour Tb a 0 2 S, les courbes de la Fig. 10 
montrent une transition antiferro-ferromag- 
netique; nous definirons le champ seuil 
comme la valeur de H au point d’inflexion des 
courbes a(H): dans le cas de Tb^CLS, il 
atteint des valeurs relativement elevees 
(T = 4,2°K: H s = 31500 Oe). La saturation 
n’est pas atteinte dans un champ de 75 000 oe: 
une extrapolation en champ infini, en employ- 
ant la loi classique d’approche a la saturation 
en I/// 2 , nous donne la valeur: a\ s = 7,38 / u.,,1 
atome, en bon accord avec la valeur attendue 
theoriquement. 


constante au-dessous de la temperature de 
Neel. Le moment a saturation, obtenu par 
extrapolation en champ infini, vaut environ 
8,2 nJ atome, en bon accord avec les valeurs 
obtenues par diffraction neutroniquefl 1], 
L’oxysulfure de Dy a un comportement 
complexe; on distingue nettement, sur la 
courbe <r(/7) tracee a 7=1,134°K* (Fig. 
12), deux transitions: Tune se produit pour un 
champ seuil H Si voisin de 19000 Oe, l’autre 
pour H S 2 voisin de 35000 Oe. Le moment a 
saturation, obtenu par extrapolation en champ 
infini, est legerement inferieur au moment 
theorique (a 7=1,134°K, <r s = 8,6 /*„/ 
atome); il est cependant tres superieur au 
moment calcule a 1,5°K par diffraction 
neutronique (4.41 /x/,)fllj. 



Dans le cas de Ho^OoS, la courbe d’aiman- 
tation est tres differente (Fig. II): le champ 
seuil est beaucoup plus faible (T = 1,8°K: 
//. 9 = 60000e) que pour Tl5 2 0. 2 S; d’autre 
part, cr(H) est sensiblement lineaire entre 
9000 et 15000oe et la susceptibilite (Acr/Atf). 
calculee dans cette region, est presque exacte- 
ement egale a la susceptibilite maximale 
observee au point de transition ((Acr/AW) = 
1,97 pour XTn — 1,99), ce qui indique qu’elle 
correspond a la susceptibilite perpendiculaire. 


La courbe de susceptibilite de Yb;;0 2 S 
indique l'apparition d’un ordre antiferro- 
magnetique au-dessous de 7 = 3°K; les me- 
sures d’aimantation en fonction du champ 
applique, realisees aux temperatures de 4,2°, 
2,65° et 1,9°K, confirment I’existence de cet 
ordre: les courbes obtenues pour les tempera¬ 
tures inferieures a la temperature d’ordre ont 


*Nous remercions Filippi et Manhes qui ant effectue 
la manipulation sur leur appareillage. 
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en effet une allure analogue a celles de 
Ho 2 O z S. Une etude par diffraction de neu¬ 
trons, a la temperature de 1,5°K, a permis de 
determiner la structure magnetique [ 12J. 


champ cristallin leve la degenerescence 
d'ordre 27+1 du niveau J. Les proprietes 
magnetiques de l’ion sont etroitement liees a 
la largeur de ce multiplet de champ cristallin. 


4. DISCUSSION DES PROPRIETES 
PARAMAGNETIQUES 


Les proprietes paramagnetiques s’inter- 
pr&tent dans le cadre general de la theorie 
de Van Vleck, appliquee aux ions Terres 
Rares places ici dans un potentiel electro- 
statique de sym&rie C 3 ,.. Les calculs detailles 
concernant les param£tres de champ cristallin 
et l’interpretation des resultats magnetiques 
seront publics ailleurs. 

La methode generate consiste a determiner 
les niveaux dtenergie de l’ion magnetique et a 
calculer ensuite la perturbation apportee par 
le champ magnetique applique H. On sait que, 
dans le cas des ions terres rares, l’energie de 
couplage spin-orbite est en general tres 
superieure a l'energie due a l’interaction avec 
le champ eiectrique cre6 par les anions 



les niveaux d’energie sont done 
par un nombre quantique J, et le 


Cas de Gd, Tb, Dy, Ho, Er 

Les proprietes paramagnetiques des oxysul- 
fures de Tb, Dy, Ho et Er s'interpretent 
simplement dans ce modeie: l’etude des 
courbes xT{T) montre que la constante de 
Curie experimentale coincide avec celle de 
l’ion libre des que les temperatures sont 
superieures a quelques dizaines de degres K; 
par ailleurs, la loi de Curie-Weiss est suivie 
rigoureusement entre 300° et 20-30°K, les 
constantes de Curie mesurees coincidant 
exactement avec celles que Ton calcule pour 
l'ion libre. On deduit de ceci que la largeur 
totale du multiplet de champ cristallin ne 
depasse pas quelques dizaines de degres 
K. D’autre part, pour ces ions, le premier 
niveau excite, tres eloigne du fondamental 
(voir par exemple[13]) n’est pas peuple aux 
temperatures atteintes experimentalement. 

Dans ces conditions, tous les niveaux de 
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champ cristallin sont 6galement peuples, si 
bien que les ions se component en moyenne 
comme une assemblee d’ions libres, et leur 
susceptibilite se caicule alors par la formuie 
classique[14]: 

x = t~+ e „ avec c = “^3 1 8 J{J+1 ] 

g est le facteur de Lande de l’ion libre et J le 
nombre quantique correspondant au niveau 
fondamental. 

Au-dessous de 20°K, les energies d’echange 
entre ions magnetiques deviennent compara¬ 
bles a kT: les courbes experimentales mon- 
trent un comportement antiferromagnetique. 
Par ajlleurs, il est necessaire de faire intervenir 
explicitement cette interaction dans la 
determination des niveaux d’energie. 

Le cas du Gd, dont le niveau fondamental 
8 S 7/2 est insensible au premier ordre a Taction 
du champ cristallin, est identique a celui de 
I’ion libre. 

Casde Tm et de Pr 

Dans le champ cristallin hexagonal de 
symetrie C 3p , l'etat fondamental 3 // fl de 1’ion 
Tm 3+ est decompose en 9 niveaux, 4 doublets 
et 5 singulets; aux tres basses temperatures, la 
susceptibilite tend vers une constante a, oil a 
represente le paramagnetisme constant de 
Van Vleck dans la formuie 

= f+'e +a ' 

La constante de Curie C„ est done nulle, ce 
qui implique un singulet en niveau fonda¬ 
mental. 

Le niveau fondamental 3 H A de l’ion Pr 3+ est 
decompose par le champ cristallin en trois 
singulets et trois doublets; la susceptibilite 
croissant vers les basses temperatures montre 
que le niveau fondamental est cette fois un 
doublet: cette situation est differente de celle 
que Ton rencontre dans l’oxyde Pr 2 0 3 
(symetrie D 3(J )[10] ou dans l’oxysulfure 


PrOS (symetrie C iv ) que nous avons etudil 
precedemment. Ce r6sultat semble par contre 
habituel en symetrie C 3e ,, comme le montrent 
les etudes rdalisees sur le nitrate double de Pr 
et de Mg[15,16]. On remarque que la devia¬ 
tion a la loi de Curie-Weiss commence a une 
temperature voisine de 100°K, ce qui implique 
une largeur totale du multiple! de champ 
cristallin assez grande (quelques centaines 
de °K). 

Cas du Nd et du Ce 

Les ions Nd 3+ et Ce 34 presentent la 
degenerescence de Kramers et le doublet 
fondamental est magnetique jusqu’aux plus 
basses temperatures; l’effet du champ cristallin 
semble relativement faible dans le cas du 
Nd 34 , tandis qu’il est beaucoup plus important 
pour le Ce 3+ ; ceci se place dans la ligne 
generale des resultats que nous avons obtenus, 
qui montre que la largeur du multiplet de 
champ cristallin croit avec les J decroissants 
[17]. 

Cas de Yb 

L’oxysulfure d’ytterbium ne suit une loi de 
Curie-Weiss, avec la constante de Curie C w 
correspondant a Lion libre Yb 3+ , que pour des 
temperatures superieures a T = 550°K; ceci 
montre que le multiplet de champ cristallin 
est tres dilate, puisqu’il faut atteindre une 
temperature relativement elevee pour que les 
niveaux soient egalement peuples. Au-dessous 
de 550°K, le d6peuplement des niveaux les 
plus eleves se traduit par une diminution de 
susceptibilite, avec un terme de paramag¬ 
netisme constant important; aux tres basses 
temperatures le doublet fondamental est seul 
occupe, mais l'energie d’6change entre les ions 
Yb 34 devient preponderante et le compost 
s’ordonne. Pour determiner la constante de 
Curie a basse temperature, ainsi que le para¬ 
magnetisme constant a, nous avons £tudie la 
susceptibilite paramagnetique de la solution 
solide (Yb z )o,i(Y 2 ) 0 ,„0 2 S, ou les interactions 
entre ions magnetiques deviennent effective- 
ment negligeables (Fig. 8). 
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Cas de Sm et Eu 

Le comportement paramagnetique des com¬ 
poses contenant des ions Sm 34 ou Eu 34 a ete 
explique pour la premiere fois par Van Vleck 
et ses collaborateurs[l4, 18]; il resulte du 
faible ecartement energetique des niveaux du 
terme fondamental, ce qui entraine, dans le 
calcul des susceplibilites, les deux conse¬ 
quences bien connues: 

— la formuie simple de Hund 

N g ;wJ(J+ 1 ) 

xu 2kT 

ou N est le nombre d’Avogadro, doit etre 
remplacee par la somme: 


calculer theoriquement grace a la formuie de 
Goudsmit [21 ] et a la regie de Lande[22] 
Formuie de Goudsmit: 

a r _ 2L+ \ 4 

* 3 /(/+l)(2/-H) K (T> 

ou A£ est la largeur totale du multiplet, Z le 
nombre atomique, m et e la masse et la charge 
d’un electron, h la constante de Planck, n le 
nombre quantique principal, c la vitesse de la 
lumiere, / le nombre quantique orbital d'un 
electron el L le nombre quantique orbital de 
I'ion. et f t une constante d'ecran. 

Fa regie de Lande: 

£,_, — Ej — AJ 


Xu = N 


X |g 2 ,M« 2 7(7-F I )/:i/.r +«./( 27+ 1) exp (— Eji, : , ) 

_j _ 

X (27+1) exp (-EJIkT) 


prend les diflerentes valours possibles du 
terme fondamental (de 0 a 6 pour Eu, de I a |? 
pour Sm). 

—le terme du second ordre, a, (paramag- 
netisme constant de Van Vleck) devient tres 
important, car il contient des termes propor- 
tionnels a (1/E/,, — £,). Ilfaut remarquer qu’il 
est egalement necessaire de tenir compte des 
effets de champ cristallin, lorsque la perturba¬ 
tion est importante: c’est effectivement le cas 
de Sm[19], oil la courbe de susceptibilite 
s’ecarte des allures de courbe de I’ion libre 
pour T inferieur a 200°K environ: par contre, 
l’etat fondamental J — 0 de I'ion Eu H est 
insensible a Paction du champ cristallin, et la 
perturbation sur le premier niveau excite 
7=1, sjtue a environ 50()°K du fondamental 
est certainement faible, si bien que les niveaux 
d’6nergie sont ceux de I’ion libre, en premiere 
approximation. 

Le calcul de la susceptibilite, a temperature 
moyenne, necessite done la connaissance du 
multiplet fondamental de I’ion libre, que I’on 
peut obtenir experimentalement par emission 
de fluorescence ou par absorption infra-rouge 
(voir gar exemple [19,20]), ou que Ton peut 


permet de calculer les differences d'energie 
entre les differents termes du multiplet. 

La formuie de Goudsmit necessite la con¬ 
naissance de la constante d’ecran <x: les 
mesures de la susceptibilite magnetique, tres 
sensible a la valeur de <r. permettent de la 
preciser; par ailleurs, Judd [23] a montre, par 
un calcul au 2e ordre sur les positions des 
niveaux, que la regie de Lande devait se 
modifier de la faqon suivante: 

£/_, — £/ — aJ + bJ 3 . 

Les courbes de susceptibilite. calculees 
par Arajs(24] pour differentes vaieurs de la 
constante d’ecran ainsi que pour les ecarte- 
ments donnes par Judd ont ete reportees sur 
la figure 5: on constate que, dans le cas de 
Sm^O^S, les vaieurs experimentales se placent 
au voisinage de la courbe calculee a partirdes 
vaieurs de Judd; l’augmentation de \ A , con- 
statee experimentalement au-dessus de 350°K 
environ correspond au peupiement du pre¬ 
mier niveau excite situe a 1500°K au- 

dessus du fondamental Nos resultats 

semblent confirmer les ecartements calcules 
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par Judd, qui sont egalement en bon accord 
avec les observations spectroscopiques. 

Dans le cas de Eu, par contre, il est impos¬ 
sible, avec nos resultats, de trancher entre les 
courbes obtenues pour cr = 32 ou 33 et avec 
les valeurs de Judd: ceci est du pour une part 
a I’incertitude experimentale liee a la correc¬ 
tion que nous devons apporter a nos mesures 
par suite de la presence d’ions Eu 2+ [11] et 
pour une autre a l’intervalle de temperatures 
trop reduit de notre etude: on remarque en 
effet[24] que les disaccords sur les energies 
des niveaux 7 Fj calculees avec a = 32, 33 ou 
par la methode de Judd ne sont importants que 
pour les termes superieurs du multiplet. Par 
ailleurs, pour un calcul rigoureux, il est 
necessaire de tenir compte de I’effet du champ 
cristallin sur le premier niveau excite 7 F,. 


5. DISCUSSION DES PROPRIETES DANS LE 
DOMAINE ORDONNE 

Les mesures magnetostatiques revelent la 
presence d'un ordre antiferromagnetique dans 
cinq oxysulfures (Gd, Tb, Dy, Ho, Vb); nous 
avons etudie par diffraction neutronique ceux 
pour lesquels la section efficace d’absorption 
des neutrons par la terre rare est suffisamment 
faible. Les structures magnetiques de Tb 2 0 2 S, 
Dy 2 0 2 S, Ho 2 0 2 S et Yb 2 0 2 S ont ete decrites 
precedemment [11,12]. 

L’interpretation des variations de I'aimanta- 
tion en fonction du champ applique peut se 
faire de fagon semi-quantitative a l’aide d’un 
modele simple d’antiferromagnetisme a deux 
sous-reseaux, dans le cadre de la theorie 
macroscopique du champ moleculaire, con- 
formement aux idees proposees des 1936 par 
L. Neel[25]. 

Le calcul, que Ton effectue pour un corps 
uniaxe, oil 1’energie d’anisotropie est decrite 
par W = sin 2 0 (0 angle du moment mag- 
netique avec I’axe de facile aimantation A), 
consiste a ecrire 1’energie du systeme en 
presence d'un champ magnetique applique H , 
et a minimiser cette energie pour obtenir les 
solutions d’equilibre du systeme (voir par 


exemple Herpin[26]). Les risultats obtenus se 
resument de la fagon suivante: 

— dans le cas ou H est perpendiculaire a A, 
la seule solution stable est une solution 
‘oblique’, ou les moments des deux sous- 
reseaux sont egalement inclines sur la direc¬ 
tion du champ; l’aimantation varie lineaire- 
ment avec le champ applique, 

— dans le cas ou H est parallele a A, le calcul 
conduit a un systeme de trois relations entre 
H , K,, n,, M t , $ et 0' ou n , est le coefficient de 
champ moleculaire qui mesure 1’interaction 
avec les proches voisins, M T I’aimantation 
d'un sous-reseau a la temperature T , et 8 et 9' 
les angles que font les moments des sous- 
reseaux avec A. 

On obtient ainsi trois solutions d’equilibre 
possible: arrangement antiferromagnetique 
(A), arrangement ferromagnetique (F), 
arrangement ‘oblique’ (0). Le diagramme de 
stabilite de ces solutions (Fig. 13) montre la 
possibilite de deux types de transitions, leur 
eventualite etant liee au rapport entre 1’energie 
d’anisotropie et 1’energie d’echange dans le 
corps: 

... . . /C, _ 1 

— anisotropie forte soit -> n m 2 > j' 

transition directe A -* F 

K 1 

-anisotropie “faible” x —■— < =: transi- 
2n,/V7/ 2 

tion A —* 0, puis 0 —» F. 

Nous allons appliquer cette theorie simple a 
deux exemples, Ho 2 0 2 S et Tb 2 0 2 S. 11 faut 
remarquer que nos resultats ont ete obtenus 
sur des echantillons polycristallins, oil les 
cristaliites sont orientes au hasard. Nous 
observons done un effet moyen, et la definition 
des champs seuil est delicate: nous avons une 
incertitude importante sur leur mesure, et les 
valeurs obtenues, notamment pour les coef¬ 
ficients d’anisotropie, ne sont que des ordres 
de grandeur. 

Ho,0 2 S 

Nous sommes ici dans le cas de Taniso- 
tropie faible’, (Fig. 11); la transition observe 
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a 1,8°K pour H s — 6000 oe correspond a une 
rotation de la direction d'antiferromagnetisme 
et done a l’apparition de la solution oblique'. 

Nous pouvons, dans la theorie utilisee 
jusqu’a present, evaluer les coefficients de 
champ moleculaire n , et n t , dtifinis en ecrivant 
que le champ agissant sur un atome du sous- 
reseau 1 vaut H m , = —n 2 M 2 - ; en portant 

les valeurs de 0 P (8°K) et de T s ( 2,5°K) dans 
les relations classiques 6 P = (C. w /2)(«i + n 2 ) 
et T n = (C m / 2) (n 2 — n, ) oil C M est la constante 
de Curie relative a l’ensemble des deux sous- 
reseaux, nous obtenons: 

n t = 0,375; n 2 = 0,31. 

Nous remarquons egalement que dans cette 
theorie la susceptibility 4 la temperature de 
N6el vaut Xtn= (Un t ): nous trouvons 
ainsi: 

n, = 0,50. 


En utilisant une valeur moyenne pour et 
en prenant pour M r la valeur experimentale 
trouvee a 1,8°K par extrapolation en champ 
infini, nous pouvons utiliser le graphique de la 
Fig. 13 pour determiner K,. 

Ki = 5 . 10 7 ergs/mole 
ou K t = 0,13 . 10 8 ergs/g. 

Tb z 0 2 S 

La Fig. 10 montre l’existence d’une transi¬ 
tion directe A -* F: nous sommes cette fois 
dans le cas de Tanisotropie forte’. En utilisant 
les resultats experimentaux de la courbe 
tracee a 4,2°K, il est possible de calculer n, a 
partir de la relation ( H s ln,M T ) = 1 (Fig. 13); 
pour K t , toutefois, nous n’obtenons que 
1’inegalite > 4 soit K, > 1,3 . 10“ 

ergs/mole. 

Pour evaluer K u nous pouvons utiliser une 
formule egalement dyrivee de la theorie pre- 
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Tableau 1. Valeurs des coefficients de champ moleculaire 
et des constantes d’anisotropie 




n, 

obtenu par 

/C t (en 10* ergs/g) 
obtenu par 


Champ 

J_ 

— (#„ + Tv) 

Champ 

Extrapolation 


seuil 

Xr v 


seuil 

de 1/x* 

Dy s O s S 


0,9 

0,75 


0,33 

Tb^OjS 

0,79 

1,03 

1,05 

>3.4 

7,9 

Ho 2 0 2 S 


0,50 

0,375 

0. 13 



cedente: la susceptibilite au zero absolu 
s’ecrit, en effet: 

1 _ 3 

(Xm)t= 0 2 

soit K, = 3 . 10 s1 ergs/mole ou A, = 7,9 .10 6 
ergs/g. 

Cette valeur est environ 20 fois plus forte 
que celle qu'on a obtenue pour Ho 2 0 2 S. 

Nous avons egalement evalue les coeffici¬ 
ents de champ moleculaire n, et n 2 definis plus 
haut; nous trouvons, avec 

0„= 17°K et Tn — 7,7°K: 
n, = 1,05; n 2 = 0,4. 

On remarque que la valeur de n , concorde 
parfaitement avec la valeur experimentale 
il(Xu)t N — 1.03, et qu’elle est en accord 
raisonnable avec celle que nous obtenons par 
la methode du champ seuil. 

Dy 2 0 2 S 

La courbe d’aimantation complexe de 
Dy 2 0 2 S (Fig. 12) ne permet pas une inter¬ 
pretation de ce type. Nous pouvons evaluer 
K , en considerant la valeur de \I\m extrapolee 
au zero absolu, en n, et n 2 par les formules 
classiques utilisees plus haut; les valeurs 
obtenues sont consignees dans le Tableau 1, 
avec celle de Tb 2 O z S et Ho 2 0 2 S. 

Remarque 

On peut songer a d’autres mecanismes pour 
expliquer le metamagnetisme de Ho 2 0 2 S et 


Dy 2 0 2 S; en particulier, Mareschal et al.[21] et 
Holmes et al. [28] ont etudi6 des oxydes 
doubles de Terres Rares et de m6taux de 
transition a structure p6rovskite ddformee et 
ils ont montre que le champ magnetique pro- 
duisait un renversement des moments le long 
de la direction de facile aimantation A, sans 
que A s’oriente perpendiculairement a H 
(‘spin flip’). Une etude par diffraction neutron- 
ique sur des echantillons polycristallins de 
Ho 2 0 2 S et de Dy 2 O z S, dans un champ 
magnetique variant de 0 a 16000 oe, a montr6 
que ce mecanisme ne se produisait pas ici. 

6. CONCLUSION 

L’etude entreprise sur des echantillons 
polycristallins d’oxysulfures de terres rares 
T 2 0 2 S a permis de mettre en evidence l’in- 
fluence du champ cristallin sur les proprietes 
paramagnetiques des ions T 3+ ; dans le 
domaine ordonne, les diff6rentes transitions 
induites par le champ magnetique ont conduit 
a revaluation des constantes d’anisotropie et 
des parametres macroscopiques de champ 
moleculaire: malgre les limites de la theorie 
simple a deux sous-reseaux utilisee, et malgre 
les incertitudes experimentales importantes 
sur les champs seuils des transitions, la co¬ 
herence des resultats obtenus est satis- 
faisante. 

Note: dans toute cette etude, les susceptibilites magneti- 
ques et les coustantes de Curie sont evalu^es en u 6m cgs 
par mole. 
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Abstract —Silicon containing 10 i# atom cm - 1 of aluminium has been compensated by (a) lithium diffu¬ 
sion and (b) irradiation by 1 -5 MeV electrons. The one phonon band mode absorption has been meas¬ 
ured in both types of sample which contain AL(s)-Li + (i) and Al~(s)-Al !+ (i) pair defects respectively; 
the latter centre has been identified by EPR measurements. In the lithium compensated sample in-band 
resonances were observed at 520 cm' 1 due to Li and at 469 cm -1 and 431 cm -1 due to the paired 
A! Is). A resonant mode at 242 cm., has been ascribed to the vibrations of Al 2+ (i) in the irradiated 
sample and this is compared in detail with the similar lithium mode. This sample also showed marked 
absorption features characteristic of the critical point structure of the silicon density of states. These 
measurements are compared with neutron scattering data and previously measured one phonon 
absorption. The initial removal rate of A1 (s) by the irradiation as determined from resistivity measure¬ 
ments had the very high value of 2 atom per electron -cm. Interesting surface effects were also 
observed in these measurements and related to the diffusion of defects; the activation energy of 
diffusion of Al a+ (i) has been estimated to be about !-2eV. These results give further information about 
the products of the electron irradiation damage process, and also about the one phonon absorption 
associated with vacancy and interstitial impurity complexes. 


INTRODUCTION 

The presence of a defect in a homopolar 
crystal such as silicon modifies the normal 
modes of vibration and destroys the trans¬ 
lational symmetry of the lattice. The modified 
modes may be either similar to the unper¬ 
turbed modes of the perfect lattice (Band 
modes) or be at higher frequencies than the 
Raman frequency u> M when light impurities 
are present (Localized modes). In general, 
there will be corresponding one-phonon ab¬ 
sorption which is in the form of a continuum 
up to w m [ 1,2] and discrete lines at the fre¬ 
quencies of any localized modes[l,3,4]. 
The simplest model used to describe this ab¬ 
sorption is that of Dawber and Elliott£5,6] 
who considered defects consisting of isolated 
impurities of different mass from the host lat¬ 
tice atoms, but where all force constants were 
unchanged. The band mode absorption for 
this model was shown to be proportional to 
the density of states of the unperturbed lat¬ 
tice multiplied by a frequency dependent 


dipole moment which is characteristic of the 
mass of the impurity. An ‘in-band resonance’ 
or ‘pseudolocalized mode’ can occur if a 
resonant vibrational mode of the impurity 
happens to fall at a frequency where the den¬ 
sity of lattice modes is very small. More gen¬ 
eral types of defects, including for example 
changes in force constants, have been shown 
to lead to similar effects [7,8]. That is, the 
absorption is expected to show peaks cor¬ 
responding to the critical point structure of 
the density of states of the pure host lattice as 
well as to other features characteristic of the 
impurity. In principle therefore, the one phon¬ 
on band mode absorption may be used to study 
particular defects as well as the more com¬ 
monly investigated localized mode structure 
arising from light atoms. 

Such effects have been very elegantly de¬ 
monstrated by Angress, Goodwin and Smith 
[1,2] in a study of the i.r. absorption of sili¬ 
con containing boron and various donor im¬ 
purities. In particular, by comparing the 
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spectra of compensated samples containing 
B/P, B/As or B/Sb, they were able to assign 
some of the absorption peaks in the band 
mode region to the presence of specific im¬ 
purities. For example a strong and relatively 
sharp peak at 441 cm -1 was unambiguously 
related to an in-band resonance due to phos¬ 
phorus. Other features were however common 
to ail samples, and could be related to critical 
points of the phonon dispersion curves. 

A major problem in these studies is that the 
free carrier absorption associated with the 
electrically active impurities has to be elim¬ 
inated in order that the much weaker vibra¬ 
tional absorption can be detected. This can be 
achieved by using compensated samples which 
have been prepared in previous investigations 
by (a) growing them with almost equal con¬ 
centrations of donor and acceptor impurit¬ 
ies and subsequently producing complete com¬ 
pensation by electron irradiation[ 1,2,9] 
or by lithium diffusion [10], (b) by lithium 
diffusion alone to form ion pairs with grown- 
in acceptor impurities[l 1-13] or (c) by ir¬ 
radiation with fast neutrons [1,2]. 

It has also been shown that electron irradia¬ 
tion of silicon containing low concentrations 
of aluminium leads to the formation of inter¬ 
stitial aluminium double donors [ 14,15], 
This suggests the possibility that silicon doped 
with aluminium alone may be compensated 
by this process. In this paper we show that 
this is indeed the case even when the alumin¬ 
ium concentration is as high as 10 19 cm -3 . At 
this level there is appreciable one-phonon band 
mode absorption which will be described in 
detail and related to the defects present in the 
same samples as determined by the electron 
paramagnetic resonance (EPR) technique. 
The latter measurements showed that all the 
Al* + (i) ions were paired with normal sub¬ 
stitutional aluminium acceptors [14] and hence 
the one phonon absorption has to be inter¬ 
preted in terms of defect pairs [8], rather than 
isolated impurities [5,6]. Consequently the 
one-phonon band mode absorption arising 
from Ar(s)-Li + (i) ion pairs has also been in¬ 


vestigated due to the similar nature of the 
defect centres in the two cases. The latter 
samples were prepared by a simple lithium 
diffusion process which is known to lead to 
complete ion pairing, both from electrical 
measurements [16] and by analogy with the 
observed local mode absorption in boron 
doped crystals[11-13,17]. The present re¬ 
sults are therefore of considerable interest 
from two points of view: they represent the 
first examples of observed band mode ab¬ 
sorption from pairs of impurities in a semi¬ 
conductor and secondly the results obtained 
from the electron irradiated sample shed fur¬ 
ther light on the damage process itself. 

2. DETAILS OF SAMPLES AND TREATMENTS 
2.1 Aluminium concentration 

The single crystal material used in this in¬ 
vestigation was prepared by the temperature 
gradient zone melting process [18] to obtain 
high aluminium and low oxygen concentrations 
respectively. The room temperature resis¬ 
tivity measured by the standard four probe 
technique was 11 x 10~ 2 fl-cm. Conversion of 
this value into a concentration [C] of alumin¬ 
ium was complicated by the large scatter in 
previously reported data[19]. Thus from the 
results of Horn[20], who related the resis¬ 
tivity of various samples doped with boron to 
their boron contents, a value of [C] — 4 X 10 18 
cm -3 was obtained. Horn’s results were re¬ 
analysed later by Carlson [21], who concluded 
that the concentrations originally quoted 
should have been higher by about 20-30 per 
cent because too large a value of the hole mo¬ 
bility had been assumed. However, the boron 
concentrations were only determined by direct 
chemical methods for two samples containing 
approximately 0-3 and 01 at. per cent boron, 
and the concentrations in the other less highly 
doped crystals, relevant to the present prob¬ 
lem, were obtained by an extrapolation pro¬ 
cess. These results are not in very good agree¬ 
ment with those of Backenstoss[22] who 
measured the resistivity in several samples 
containing gallium at a rather lower level and 
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determined the gallium concentration by the 
neutron activation process. In addition, a 
comparison of different acceptor impurities 
was made to find the effect of differing 
acceptor ionization energies. Unfortunately 
the concentrations of impurities used in this 
work, which has been substantiated by the 
later investigation of Fuller, Doleiden and 
Wolfstirn[23], were smaller than in the present 
aluminium doped crystal. Extrapolation of the 
curves of Backenstoss would however indicate 
[C] =* 2 x 10 1 * cm -3 , which is five times greater 
than our first estimate and still four times 
greater than the value obtained with Carlson’s 
correction. It is not clear how to make a defin¬ 
itive choice between these values, although it 
is thought that the latter measurements are the 
more reliable particularly in view of the dis¬ 
cussion presented in Section 7. Consequently, 
a compromise value of [C] — 10 ,9 cm~ 3 will 
be adopted at this stage. It is clear that esti¬ 
mates of the defect introduction rates produced 
by the electron irradiation (Section 5) and the 
apparent charges of defects giving rise to the 
observed i.r. absorption (Section 7) are sub¬ 
ject to an uncertainty directly related to that of 
[C] itself. It is for this reason that this some¬ 
what lengthy discussion has been given. 

2.2 Details of irradiation 
Two samples about 1 mm in thickness, 
nominally held at room temperature on a water 
cooled block, were irradiated with l-5MeV 
electrons at a current density of 12 4 /xA/cm 2 
in successive stages. The maximum tempera¬ 
ture rise as monitored by a thermocouple in 
contact with the samples was 30°C. After 
each dose of irradiation the resistivity of one 
of the samples with ground faces was remeas¬ 
ured (see Fig. 1) and the transparency of the 
second sample, which had optically polished 
faces, was checked in the wavelength range 
5-20 fi m. For doses greater than about 6 x 10 1 * 
electrons cm" 2 , the measured resistivity did 
not appear to increase as rapidly as was ex¬ 
pected from an interpolation of the measure¬ 
ments for the lower doses. This was found to 


be due at least in part to surface effects, since 
a significantly higher resistivity was measured 
after the removal of a relatively thin surface 
layer by grinding; the higher values are those 
shown in Fig. 1. After the total dose of 1 -3 x 
10 1B electrons cm -3 the apparent change in 
resistivity after grinding was from 50 to 100 
fl-cm. Similar effects were also apparent in the 



Fig. I. Variation of sample resistivity as a function of 
electron irradiation dose. 

optical measurements on a second sample. A 
low background absorption was only ob¬ 
tained after regrinding and repolishing the sur¬ 
faces. It is concluded from these results that 
the total irradiation dose of 1 -3 x 10'* electrons 
cm -2 given to these samples is sufficient to 
remove essentially all of the free carriers 
(holes) originally present, but that the process 
is less efficient near the surfaces than in the 
bulk. 

2.3 Lithium diffusion 

Samples were saturated with lithium ac¬ 
cording to a process similar to that described 
by Spitzer and Waldner[12], Wafers were 
coated with a lithium suspension in oil and 
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pre-alloyed at 600°C in an argon atmosphere. 
The main diffusion was carried out at about 
850°C for several hours and the samples were 
cooled to room temperature in a few minutes. 
These samples showed some small residual 
free carrier absorption which could be largely 
removed by a very small dose of electron ir¬ 
radiation of up to 10 18 electrons cm" 2 . 

3. l.R. MEASUREMENTS 
Measurements were made on the irradiated 
and lithium compensated Al/Si samples from 
the absorption edge to 4(X) cm ' using a Grubb 
Parsons Spectromaster double beam grating 
spectrometer. In the region from 550 to 100 
cm’ 1 an f/4 Czerny Turner single beam vacu¬ 
um grating spectrometer was used to obtain 
spectra at 300 and 80°K with a resolution of 
2 cm" 1 at short wavelengths and 5 cm’ 1 at the 
longer wavelengths. No absorption was detec¬ 
ted at 9/*m due to oxygen [24], at 12/am due 
to oxygen-vacancy complexes [251 or at 10 
fji m due to lithium-oxygen pairs[ 13]. Similarly 
there was no detectable local mode absorp¬ 
tion due to carbon]3,4, 26], The results con¬ 
firm that the method of sample growth used 
did not lead to the introduction of carbon and 
oxygen impurities. 

Very strong absorption was present in the 
irradiated Si/Al sample from the absorption 
edge to about 4 /am with an absorption coeffi¬ 
cient of more than 100 cm '. The one phonon 
spectra of both types of Si/Al samples are 
shown in Fig. 2 together with that of a neutron 
irradiated sample of pure silicon with which 
comparison will be made in a later section [27], 

A measurement of the absorption at 550 cm’ 1 
of the irradiated sample at 77°K showed that 
the free carrier absorption coefficient was not 
greater than 3 cm -1 and further measurements 
at higher energies showed that the background 
absorption was decreasing with increasing 
wavelength. JL|, follows that the absorption 
coefficient due % free carriers at energies 
lower t ftfrp the ftaman edge is probably 
every less than 3 cm -1 . This enables 


us to estimate the total integrated absorption 
for this sample up to the Raman frequency as 

|^(D)dt3 = 2 X 10 3 cm’ 2 . 

At room temperature the form of the spectrum 
was unchanged in every respect except for a 
broadening of some of the features and a very 
marked increase in the background absorp¬ 
tion both above and below the Raman fre¬ 
quency. The high background absorption 
necessitated the use of larger slitwidths to ob¬ 
tain the measurements and this could well 
have accounted for the apparent broadening 
of the lines. Because of this high background 
absorption it was not possible to estimate 
whether the remaining integrated absorption 
up to the Raman edge at room temperature 
was identical with that at low temperature. 
However the two sets of measurements were 
not inconsistent with this possibility. 

The lithium compensated sample showed a 
relatively low background absorption with 
« —3 cm 1 at room temperature and con¬ 
sequently only a few measurements were 
carried out at 77°K. The integrated absorp¬ 
tion up to the Raman edge in this sample, 
after subtracting a reasonable contribution for 
free carrier effects and that due to intrinsic 
two phonon processes, was 10 3 cm 2 . Thus 
the impurity induced absorption in this sample 
was only about one half of that in the former. 
The absorption in the lithium compensated 
sample may well have been smaller if it had 
not received a small dose of irradiation. How¬ 
ever. under these circumstances the free 
carrier absorption was very large and would 
have made an estimate of the remaining inte¬ 
grated absorption totally unreliable. 

4. EPR MEASUREMENTS 

Measurements were carried out at X-band 
with a sample mounted on the side of a rec¬ 
tangular H ou cavity fabricated from pyro- 
phyllite and with a slot cut adjacent to the 
sample so that it could be illuminated with 
tungsten light from a small bulb in the micro- 
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Fig. 2. l.r. spectra (a) Pure silicon after fast neutron irradiation to a dose 
of 9-3 x 10" 1 neutrons cm ’ (300°K)[27J. (b) Aluminium doped silicon after 
I -5 MeV electron irradiation to a dose of M x 10'” electrons cm" ! (77°K). 
(c) Aluminium doped silicon compensated by lithium diffusion (300°K). 


wave assembly. lOOkc/sec modulation was 
used with the spectrometer tuned for absorp¬ 
tion which gave rise to absorptionlike recor¬ 
der traces rather than the usual derivative of 


absorption due to rapid passage effects[15] 
at 4-2°K. 

It should be made clear that the purpose of 
these measurements was to attempt to 





690 


S. D. DEVINE and R. C. NEWMAN 


establish the nature of some of the defects 
present in the same samples as had been used 
in the i.r. measurements. Thus specially orien¬ 
ted samples were not examined and no detailed 
angular variations have been carried out. In 
spite of this limitation, the results obtained 
were quite unambiguous in certain respects. 

A typical spectrum obtained with a random 
sample orientation relative to the direction 
of the magnetic field is shown in Fig. 3. The 
spectrum consists of six distinct groups of 
closely spaced and incompletely resolved 
lines, together with an extra absorption line 
at 3350 G (g = 2). It may be noted immediately 
that there is no spectrum present due to 
isolated AI 2+ (i) impurities (Si-G 18,[14] see 
Table 1) which consists of six ‘approximately’ 
equally spaced lines [15] due to the hyperfine 
interaction of the s-state electron with the 
100 per cent abundent Al 27 (I 5/2) nucleus. 
Illumination of the sample with tungsten light 
also failed to give any indication of the 
presence of the [V + Al] pair spectrum 
described previously by Watkins [15]. The 
main spectrum with the six groups of lines 
could be fitted to the spin Hamiltonian 

pS g-H + ^S -Aj /j 

j 

where the parameters are those appropriate 
to the AT(s)-Al 2+ (i) centre[14] (SiG 19); 


Table 1. EPR parameters for Al 2+ (i) and 
aluminium pair spectra [ 14] 



Model 

g 

/t(cm _1 ) 

Nucleus 

SIG 18 

Al 2+ (i) 

2 0019 
isotropic 

A 1 440-6 

AF(i) 

SiG 19 

AP + (i)+A|-(s) 

2-0006 

A[ = 396-0 

Al 2 ’(i) 



2-0009 

2-0009 

A{ = 392-8 

HU] 



[111] 

A\~ 13-3 

Al 27 (s) 




Al= 12-0 

[111] 

SiG 20 

Al 2+ (i) + AI'(s) 

2 0014 

A\ = 389-5 

Al 27 (i) 



2-0025 

2-0025 

Al = 386-5 

[111] 



[111] 

a;= 42-7 

APIs) 




A-,= 42-2 

[Ill] 


these are reproduced in Table 1 together with 
those for Al 2+ (i) (SiG 18) and a similar pair 
spectrum SiG 20 also observed previously by 
Watkins[14]. It is seen that although the pair 
centres are anisotropic, as is required by their 
C,,„ symmetry, the differences in the mag¬ 
nitudes of the various parameters along the 
two principal axes are very small; thus to a 
very good approximation the centres may be 
regarded as being isotropic with averaged 
parameters. The width of each group of lines 
is determined by the hyperfine parameter of 
the substitutional aluminium ion in the pair 
and should be about five times the value of the 
relevant hyperfine parameter. The measured 
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3. EPR spectrum of irradiated aluminium dopethsilicon at 4-2°K and 9-3 Gc/s; random 

orientation. 
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widths were all in the range 65-75 G which 
are consistent with a value of A, = 12-5 x 
10~ 4 cm -1 (SiG 19), giving an expected width 
of 65 G, but not with A, * 42-5 x 10 -4 (SiG 
20). A value of A { = 388 x 10 -4 cm _1 leads 
to an overall spread in the positions of the 
groups of lines which is also in agreement with 
the observations. The value of A { =* 441 x 
10~ 4 cm _1 for Al 2+ (i) (SiG 18) is sufficiently 
different compared with that for the SiG 19 
spectrum for there to be no possibility of the 
transitions due to the former centre being 
obscured by the presence of a somewhat 
stronger pair spectrum. 

The origin of the second spectrum centred 
on g =» 2 has not been determined, although 
it appears to have S = 1/2 as there were no 
obvious fine structure effects. The centre 
could well involve a vacancy for reasons 
discussed in the following section, but [V + 
O] and [V + carbon] centres can be ruled out 
as neither the irradiated nor the lithium diffused 
samples showed any detectable amounts of 
oxygen or carbon. A possibility not inconsis¬ 
tent with the i.r. absorption measurements 
is that it is due to divacancies. 

Finally, it is recognised that the absence of 
the [V + Al] spectrum may have been due to 
saturation effects, although this is thought to 
be unlikely in such a heavily doped sample. 
However, the method of observation was not 
ideal and further measurements using some¬ 
what different techniques would be necessary 
to arrive at an unambiguous conclusion. 
Alternatively, the illumination of the present 
sample by the tungsten lamp may have been 
quite ineffective because of the exceedingly 
strong i.r. absorption in the relevant spectral 
region (see Section 3); that is, [V + Al] 
centres may have been present but kept in 
darkness due to absorption from divacancies 
for example. 

5. THE DEFECTS PRESENT IN THE IRRADIATED 
SAMPLES 

Before discussing the nature of the centres 


in our irradiated samples, it will be helpflil 
to review briefly the results of Watkins relat¬ 
ing to more lightly aluminium doped crystals 
in the 10 s -10“ cm -3 range [14, 15]. After 
irradiation of oxygen free samples with 1-5 
MeV electrons at room temperature, the EPR 
technique was used to reveal aluminium 
vacancy pairs [V + Al] and isolated inter¬ 
stitial aluminium double donors Al 2+ (i). 
These results were clarified by other irradia¬ 
tions carried out with the sample at 4-2°K. 
At this temperature, the production rate of 
Al 2+ (i) was found to have the same value of 
0 03 centres/cm 3 per electron/cm 2 as that of 
isolated primary vacancies. To explain this 
result it was suggested that the primary 
interstitial silicon atoms were mobile even 
at 4-2°K and became trapped by substitu¬ 
tional aluminium impurities. The two atoms 
were than assumed to interchange posi¬ 
tions, leaving the aluminium in an interstitial 
site. On annealing these samples at 170°K, 
the isolated vacancies became mobile and 
were also trapped by substitutional aluminium 
atoms to give [V + Al] complexes. A rather 
surprising result was that the concentration 
of the Al 2+ (i) centres did not decrease during 
this treatment, showing that they did not 
recombine with the mobile vacancies. The 
centres in these annealed samples were thus 
the same as those produced by a room tem¬ 
perature irradiation and no further changes 
occurred until the sample temperature was 
raised to about 200°C. An anneal in this range 
led to a decrease in the strength of the [V + 
Al] and the isolated Al 2+ (i) centres and the 
formation of pairs of two different types 
(Table 1). 

These latter results are easily understood if 
it assumed that the Al 2+ (i) ions became mobile 
in this temperature range, as was originally 
suggested by Watkins [14] and that they then 
form ion pairs with Al"(s). It is interesting to 
note that 200°C is close to the maximum tem¬ 
perature for which such pairs might be ex¬ 
pected to remain stable. Application of the 
law of mass action 
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[ Al-(s) — Al«+(i)] 
[Al~(s)][AI J+ (i)] 


— A exp (—A ElkT) 


to the case where the total aluminium atom 
fraction is 2 x 10~ 7 , requires the binding 
energy A E to be about 0-8 eV for half of the 
aluminium ions to be paired assuming! 17] 
a value of A — 10 -1 . This is not unreasonable 
since the binding is due to a Coulomb interac¬ 
tion 

A E = q t q 2 ler 


where q, — — e and q 2 = 2e and where a value 
of AE - 0-4 eV has been obtained for B - 
Li + pairs [ 17] with — <?i = q 2 = e- 
The difference between these results and 
those described in Section 4 can then only be 
due to the very different impurity levels 
present in the two types of sample. This is not 
unexpected, since an increase in the impurity 
concentration has two important effects which 
are not entirely unrelated: (a) in a given time 
a diffusing impurity ion is more likely to 
encounter a substitutional negative ion trap 
purely on a statistical basis and (b) the mobile 
ion is more likely to be within the “capture 
radius” of the substitutional ion [28]. The latter 
quantity R is defined so that the interaction 
energy at this distance is equal to the thermal 
energy kT\ that is R =—q l q 2 lzkT. From the 
above arguments that A£=0-8eV, it is 
easily seen that R = 70 A at T = 50°C, if the 
closest distance of approach of the ion pairs 
is taken as 2-6 A which is the value for B“-Li + 
pairs[ 17J (N.B. the ionic radius of Al 2+ and 
Li + are very similar as discussed below). In 
any case, it is clear that R is very much greater 
than the mean separation of aluminium ions 
r 0 of only 17 A in the present samples so 
that correlated ion pairing is to be expected 
to be complete in a time given by [28] 

r = ekTr„ 3 l3Dq,q 2 = (4t tNRD)~' 

where D is the diffusion coefficient of the 
Al 2+ (i) and N is its concentration; it has been 
assurt|i|} here that the concentration of Al~(s) 

f' s 


is greater than that of Al 2+ (i). This expression 
is also applicable to the samples used by 
Watkins [14] on the assumption of correlated 
pairing and hence it may be used to obtain 
some estimate of the activation energy of D. 
The ratio of the aluminium concentrations is 
about 10 4 and so it follows that 

£><50>, - 10- 4 D(200°C)t 2 

where r 2 was the time of the anneal given in 
the Watkins experiment, and r, the time 
the present sample was at 50°C during its 
irradiation, r, was of the order of 100 hr and 
it is assumed that r 2 = 1 hr to give £>(50°C) = 
10~ 8 D(200°C). which in turn yields an activa¬ 
tion energy of 1-25 eV. This is typical of 
values found previously for interstitial iron 
[29]. gold and copper ions[30] but is signific¬ 
antly larger than the value|31] of 0 66 eV 
for Li + (i). This difference would then explain 
the lack of ion pairing in Watkins samples 
at lower temperatures. 

During a study of B-Li ion pairing. Pell 
and Ham[28] observed a surface effect similar 
to that described in Section 2. They ascribed 
this to diffusion of mobile lithium ions to the 
external surface where they presumably 
combined with oxygen and were ‘lost’. As a 
result, the surface of the sample remained 
p-type with a low resistivity due to the pres¬ 
ence of uncompensated boron impurities. 
Similar behaviour has also been observed 
previously at much higher temperatures, 
where substitutional diffusion occurs, in com¬ 
pensated samples containing aluminium and 
phosphorus; in this case it is the aluminium 
which diffuses out of the sample[32]. It 
follows that the present surface effects may be 
attributable to out diffusion of interstitial 
aluminium ions. However, it may be that 
primary interstitial silicon atoms diffuse to the 
surface rather than to impurity atoms in a thin 
surface layer to give essentially the same 
result. In either case, these observations are 
obviously of very considerable significance to 
measurements of the irradiation damage 
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process itself based purely on changes in 
electrical conductivity, particularly if very 
thin samples are used. 

Since our samples contained interstitial 
ions, there must have been a corresponding 
number of vacancies present in some form. 
If the concentration of [V + Al] centres was 
negligible it seems most likely that cluster¬ 
ing of the vacancies occurred since no other 
impurities were present to act as vacancy 
traps. The simplest cluster is the divacancy 
which gives rise to strong electronic absorp¬ 
tion bands at 1-8, 3-3 and 3-9 ^.m depending 
upon the position of the Fermi level in the 
band gap[33]. The present samples showed 
exceedingly intense absorption throughout 
this region of the spectrum and hence this 
centre could well have been present; this 
would also not be inconsistent with the ob¬ 
served g — 2 EPR spectrum [ 14]. The dif¬ 
ference between these samples and those of 
Watkins is not so clear in this context. How¬ 
ever the production rate for divacancies 
could be much higher due to the very much 
higher aluminium content of the samples; 
such effects have been noted previously 
in relation to oxygen impurities[34] and more 
recently by us[35] in crystals containing 
high concentrations of carbon. The presence 
of vacancy centres is also indicated by the 
substantial increase in free carrier absorp¬ 
tion during a 20 min isochronal anneal at 
about 200°-230°C, the samples became com¬ 
pletely opaque again after an anneal at 260°C. 
This behaviour is almost certainly to be 
ascribed to reconversion of Al 2+ (i) to normal 
Al“(s) sites by recombination with vacancies. 
In fact, annealing in this temperature range 
could be predicted; since the Al"(s)-Al 2+ (i) 
pairs would dissociate completely at about 
250°C if the estimated parameters given 
above are reasonably accurate. 

Although there was no evidence for the 
presence of any other centres, it is interest¬ 
ing to speculate that some recombination of 
transient [V + Al] centres with Al(i) did take 
place at the temperature of irradiation to 


produce pairs of substitutional aluminium 
ions. Evidence for this type of centre in 
samples containing boron has been obtained 
from a study of its localized modes of vibra¬ 
tion^, 36], Unfortunately the corresponding 
[Al-Al] centre would only be expected to 
make a small contribution to the one phonon 
band mode absorption and would not be 
detectable; likewise the centre is probably 
not paramagnetic. [Al(s)-AI(s)] or residual 
isolated Alts) centres must be present however 
to achieve overall charge neutrality in the 
crystal because each interstitial Al ion is a 
double donor and it is extremely unlikely that 
there will be a double negative charge as¬ 
sociated with each vacancy; this would re¬ 
quire for example [V + V] 4- which appears 
to be unrealistic. 

Finally, we shall consider the introduction 
rates of the defects in the present crystals. 
For each aluminium acceptor transferred to 
an interstitial site (Al 2+ (i)) there is a direct 
nett loss of three holes from the valence band. 
It will be further assumed that the simul¬ 
taneously created vacancy also acts as a hole 
trap to give a total loss of four holes per dis¬ 
placement. Since a total dose of T3 X 10'® 
electrons cm -2 removed essentially all of the 
carriers, it follows that the average displace¬ 
ment rate of aluminium atoms is about 0-2 
cm" 1 . If it is further assumed that there is 
no significant change in the hole mobility 
after the initial electron dose of 5 x 10 17 
cm~ 2 , then the initial displacement rate is 
found to be about 1-5 aluminium atoms cm -3 
per electron cm" 2 . This value may be compared 
with the “high” value of 0-03 cm"’ obtained 
by Watkins[14] in his less highly doped 
samples. This present value is not however 
unusually high in heavily doped crystals 
since Angress et al.[ 1] have previously 
reported a loss of 10"* atom cm" 3 of both 
boron and phosphorus from unperturbed 
substitutional sites after an electron dose of 
only 5 x 10 18 cm" 2 in crystals containing both 
impurities in an original concentration of 
5 x 10 19 cm" 3 . This corresponded to a 20 per 
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cent reduction in the absorption co-efficients 
of i.r. absorption bands directly attributable to 
these impurities. Watkins has already pointed 
out that impurities play a very significant role 
in determining the nature of the irradiation 
damage! 14,37]. It is now seen that the 
damage process is almost completely domin¬ 
ated by the impurities when these are present 
in a higher concentration. In fact, if the initial 
aluminium content of our samples were as 
high as 2x 10 Ig cm -3 (see Sections 2 and 7) 
the experimental introduction rates above 
would have to be doubled. Thus the present 
defect introduction rates would be very close 
to the maximum values possible[38] for 
vacancy-interstitial pair formation by elec¬ 
trons with energies in the range 1-5-2 MeV. 

6. FREQUENCY DEPENDENCE OF I.R. 

ABSORPTION 

Inspection of Fig. 2 shows that the i.r. ab¬ 
sorption of the electron irradiated sample is 
quite different from that of a sample which has 
been compensated by a lithium diffusion, 
although the former closely resembles that 
of the neutron irradiated pure crystal. In the 
lithium compensated crystal, all the substitu¬ 
tional aluminium impurities are expected to be 
paired with interstitial lithium ions by analogy 
with the behaviour of compensated crystals 


containing boronfl 1-13]. Similar pairing of 
substitutional aluminium with interstitial 
aluminium ions has also been shown to occur 
in the irradiated sample and it is for this 
reason that the two types of spectra will be 
compared both in terms of their frequency 
dependence and their absolute integrated ab¬ 
sorption. 

6.1 Effects due to the silicon lattice 

In the introduction it was pointed out that 
some features of one phonon band made ab¬ 
sorption are expected to be closely related to 
the critical points in the phonon dispersion 
curves for pure silicon, while other features 
will be quite specific to particular impurities 
in particular configurations. These two con¬ 
tributions may be distinguished, at least in 
principle, by comparison of spectra from 
samples containing quite different defects. The 
former contribution to the present observa¬ 
tions will now be considered in more detail. 

Phonon dispersion curves for silicon have 
been obtained from neutron scattering 
measurements[39] along the directions X, 
L , and £ in reciprocal space and certain well- 
defined critical points are thereby immediately 
determined (Table 2). These curves are how¬ 
ever incomplete for the line £ as both the TA 
and TO modes should be split into two curves 


Table 2. Critical point energies and assignments for the silicon lattice 


Phonon Additional 
dispersion critical 
Critical point curves points 
assignments (cm 1 ) 

Critical point energies 
Electron irradiated 
Si/AI 
(cm ') 

Neutron irradiated 
Si 

(cm' 1 ) 

B/P doped Si 

(cm -1 ) 

r 

518 

520 

517 

520 

L’TO 

489 

487 

485 

491 

Xro 

463 

460 

460 

462 

L-u> 

420 



425 

X, 

412 

415 

416 


Lu 

378 

- 375 

- 375 

376 

near Q, A 

340 

335 

334 

331 

2r4, 

228 

235 



Q TA 

209 

212 

212 


0)Ita, 

- 162 

164 



Xta 

150 

150 

152 


LtA 

114 

112 

112 
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because of symmetry considerations, whereas 
only single curves have been determined from 
the experimental observations. In addition, 
topological and symmetry arguments indicate 
that there are critical points for other direc¬ 
tions in reciprocal space. For example Bilz 
et al. [40], show that the LA frequency at L 
will be a maximum so that any path connect¬ 
ing X to L for this branch must pass through a 
critical point as the frequency at X is greater 
than that at L. The high density of states 
calculated at 340 cm -1 by Dolling and Cow¬ 
ley [41] is probably due to the contribution of 
these critical points. In addition, along the 
line Q in the hexagonal face of the Briliouin 
zone, both the TA and the TO branches are 
split into pairs [42]. As a consequence it 
has been shown that at least one branch of 
each pair must have a maximum or a mini¬ 
mum which will give rise to at least one crit¬ 
ical point. The frequencies of these points are 
unknown, although the frequency of the Q ro 
critical points are expected to lie just below 
L ro , somewhere near 480 cm -1 . Similarly, the 
frequencies of the Q TA critical points are ex¬ 
pected to be near 200 cm -1 . The peak in the 
calculated density of states at 209 cm -1 [41] 
is likely to be the maximum along one of the 
TA branches. These additional critical points 
are also listed in Table 2. 

Topological arguments have been used to 
determine the form of the frequency depen¬ 
dence of the density of states curve around the 
critical points listed[39,42]. The correspond¬ 
ing one phonon absorption is expected to 
have a similar frequency dependence. Fea¬ 
tures in the spectrum of the irradiated Si/AI 
may now be related to the critical point 
structure discussed above as shown in Table 
2 and Fig. 2. The correctness of these assign¬ 
ments is indicated by the fact that the one 
phonon spectra of samples containing other 
impurities also show similar features at 
very similar energies; data for compensated 
boron doped and neutron irradiated silicon 
respectively are also shown for comparison 
in Table 2. All three types of sample show a 


peak near 340 cm -1 supporting the conclusion 
that this corresponds to the critical point 
of the LA branch already discussed. The 
spectrum of neutron irradiated silicon at 
77°R. obtained by Balkanski and Nusi- 
movici[43] shows a very small peak at 212 
cm -1 which probably corresponds to the line 
at 214 cm -1 observed in our electron irradiated 
sample. This would imply that the latter line is 
not due to an in band resonance but that it 
should be assigned to the critical point along 
Qta- 

The lithium compensated Si/AI spectrum 
however shows no features that are obviously 
due to critical point contributions. This has 
also been found in a previous investigation of 
silicon containing boron-lithium ion pairsf 1 1]. 

6.2 In-band resonances due to impurities 

The assignments made in the previous sec¬ 
tion cannot account for the peaks at 242 cm" 1 
and the shoulder at 455 cm" 1 in the electron 
irradiated sample, or the three sharp lines in the 
lithium compensated sample (see Fig. 2). It 
will be convenient to discuss the lithium com¬ 
pensated sample first, since the Al-Li system 
is analagous to the now well understood 
B-Li system and the absorption due to the 
lithium is expected to be similar in the two 
cases. 

6.2.1 Lithium compensated SilAl. The line 
observed at 520 cm" 1 (Fig. 2), briefly referred 
to previously by Spitzer and Waldner[12], 
is to be ascribed to the vibrations of inter¬ 
stitial lithium ions paired with substitutional 
aluminium acceptors. A similar line has also 
been observed in compensated silicon con¬ 
taining either gallium or boron, and Spitzer 
and Waldner[12] have shown that the strength 
of this line increases linearly with boron 
content in the latter samples. The frequency 
of this vibrational mode is not very dependent 
on the type of acceptor present as shown in 
Table 3, presumably because the interaction 
is predominantly coulombic and of a similar 
magnitude for all three types of ion pairs. 
The vibrations of an isolated lithium inter- 
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Table 3. Resonant frequencies of fl Li and 
7 Li isotopes paired with acceptor impurities 
in silicon 


*B- 7 Li 522cm'*C.a- 7 Li 515cm-' AI- 7 Li 520cm M 
B-»Li 534 cm -1 Ga-‘Li 521 cnr 1 AI-"Li 525 cm' 1 


"Spitzer and Waldncr[ 12). 

stitial ion should be triply degenerate because 
of the tetrahedral symmetry. When ion pairing 
occurs the symmetry is lowered to C 3l , and 
there should be two modes which predomin¬ 
antly involve motion of the lithium ion. It 
follows that two absorption bands should be 
observed. However the second band has not 
been detected in measurements extending 
to 350 cm' 1 [11] and neither has a band due 
to isolated lithium interstitial ions[44]. It 
may be that these modes occur at frequencies 
where the density of lattice modes is very 
high. 

From the frequency of the lithium reson¬ 
ances, Elliott and Pfeuty[8] have calculated 
that the force constant for the interstitial 
lithium ion should have the value >3 ~ 23 
kergs cm' 2 , which is less than half that of a 
substitutional silicon atom (56 kergs cnr 2 ). 
It will be shown that a similar value of the 
force constant may also be appropriate to 
the interstitial Al 2+ . 

The line in the present sample showed a 
shoulder at 525 cm' 1 (80°K) which is almost 
coincident with the position of the Raman fre¬ 
quency at this temperature (Fig. 4). The ratio 
of the estimated absorption in this peak to the 
main peak at 520 cm -1 was about 1: 13. It is 
therefore reasonable to attribute these two 
peaks to the vibrations of the naturally oc¬ 
curring ®Li and 7 Li isotopes, in which case, 
the ratio should be 1:12-35. The isotope shift 
of 5 cm' 1 is then very close to that of 6 cm' 1 
found for the Ga-Li systemll2]. However 
both these systems lead to a smaller splitting 
than is found in boron doped samples. In the 
latter case, the 6 Li vibrational frequency is in 
the local ijtbde region whereas in the former 



Fig. 4. Absorption near the Raman edge due to "Li and 
7 Li isotopes paired with aluminium. 

case the B Li and 7 Li peaks are both in the band 
mode region. This could well be the reason 
for the apparent discrepancy. 

It would appear that the two strong lines at 
469 cm' 1 and 431 cnr 1 have to be ascribed to 
in-band resonances of Al(s) paired with lithium 
since these lines are neither present in the ir¬ 
radiated sample, nor in samples containing 
boron-lithium pairs [II]. The latter result, 
together with the fact that such lines are not 
produced by an electron irradiation of lithium 
doped silicon [44], precludes the possibility 
that they are due to lithium vibrations. The 
occurence of two lines separated by 38 cm' 1 
is what might be expected because of the C 3| , 
symmetry of the centre, and the previously 
observed splitting of the triply degenerate 
localized mode of boron when it is similarly 
paired with an interstitial lithium ion. In the 
latter system, the separation of the two local¬ 
ized modes is 94 cm' 1 but their centre of 
gravity is the same to within experimental 
error as that of isolated boronfl 1,12]. If 
this result were also true for the present sample 
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it would lead to an estimate of 456 cm -1 for 
the position of the isolated aluminium in- 
band resonance. It is interesting to note that 
this frequency is somewhat higher than that of 
441 cm -1 observed previously for isolated 
phosphorus impurities [1,2] which would 
imply that the vibrational force constants for 
these two impurities would be of a very simi¬ 
lar magnitude. 

Reference to Fig. 2 shows that the resonant 
line at the higher frequency is the weaker of 
the two which is contrary to the observations 
on the localized vibrational modes of the 
boron-lithium system where the higher fre¬ 
quency line has been assigned to the doubly 
degenerate mode[l 1, 12]. The present results 
are not necessarily inconsistent with this 
interpretation since (a) reversals in relative 
intensities have been observed in other pair 
spectra in the local mode region[9, 10] and 
(b) the present lines are in the band region and 
occur at frequencies where the density of 
states will be different. In the latter context 
the low energy lines falls in a region between 
the optic and acoustic modes where the den¬ 
sity of states is expected to be small, whereas 
the other line falls in a region where the density 
of states is expected to be higher. This result 
could then in itself account for the observa¬ 
tions. 

6.22 Irradiated Si/AI sample. In Section 5, 
it was concluded that this sample definitely 
contained Al(s)"-AI(i) 2+ pairs, almost cer¬ 
tainly contained some residual Al(s)~ atoms, 
probably Al(s)"-Al(s)~ pairs and must con¬ 
tain vacancies in an unknown configuration. 
The expected contribution to the absorption 
of each of these will now be considered. 

It will be shown first that the assignment of 
the peak at 242 cm - ' to paired interstitial 
aluminium ions leads to conclusions which are 
entirely consistent with those obtained for 
interstitial lithium ions. Since the mass of 
aluminium is close to that of silicon, the cal¬ 
culations of Elliott and Pfeuty[8] giving the 
energy of the in-band resonance of a silicon 


interstitial as a function of its nearest neigh¬ 
bours force constants, are pertinent. An energy 
of 242 cm -1 leads to a force constant /3 = 21 
kergs cm -2 which is essentially identical with 
that found for interstitial lithium. In fact the 
ratio of the frequencies of vibrations for these 
two ions should then be in proportion to the 
inverse square root of their masses if both 
peaks are genuine pseudo-localized modes; 
this is almost exactly so. The similarity of the 
force constants for the two ions is perhaps not 
too surprising since they both exist in a posi¬ 
tive charge state and both have similar ionic 
radii. The radius of Li + is known to be 0-60 
A, while the radii of Al :,t and Al + have been 
given by Pauling]45] as 0-50 and 0-72 A 
respectively. 

It might be expected that the absorption 
from the substitutional aluminium in the paired 
configuration could also be determined by 
analogy with the lithium-aluminium pair 
centre. In this case the coulomb interaction is 
expected to be twice as great as in the latter, 
and this might then lead to absorption peaks 
near 483 and 407 cm H respectively; it has 
again been assumed that the centre of gravity 
of the substitutional in-band resonance is not 
shifted as a result of the interaction. Such 
lines are not observed but a line near 480 cm" 1 
would be obscured by the strong TO critical 
point absorption, while 407 cm" 1 is close to 
the critical points A", and L,.„ at 410 cm" 1 . 

The in-band resonance due to isolated sub¬ 
stitutional aluminium has been estimated to 
occur at 456 cm" 1 . It can be seen in Fig. 2 
that there is a shoulder at 455 cm" 1 which 
could be interpreted in this way. If this is so, 
the closeness of these two values must be 
regarded as being very fortuitous. However 
this shoulder could be due to quite different 
effects. Balkanski and Nusimovici[43] have 
reported a shoulder in the absorption coeffi¬ 
cient of a neutron irradiated sample at 449 
cm" 1 , while an electronic absorption line due 
to aluminium should occur at 445 cm -1 . [46]. 
The other one phonon absorption arising from 
the isolated substitutional aluminium might be 
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expected to follow the density of states of pure 
silicon fairly closely because of the similarity 
of the mass of the aluminium and silicon 
atoms [5,6]. 

Similar considerations would apply to 
Al(s)-AI(s) pairs if they are present except 
that the acoustic modes would be favoured 
relative to the optic modes. 

While no calculations have been made for 
the absorption expected from vacancies, 
either in isolation or in complexes with other 
impurities, their presence would certainly 
be expected to contribute to the overall ab¬ 
sorption. Further comments relating to this 
will be made in Section 7. 

7. THE MAGNITUDE OF THE I.R. ABSORPTION 

7.1 An optical determination of the aluminium 
concentration 

In the previous section it was established 
that the frequency of vibration of lithium ions 
paired with aluminium was very similar to 
that of lithium paired with boron; for the 7 Li 
isotope both frequencies were lower than the 
Raman frequency [47], It follows that to a 
good approximation the concentration of Al-Li 
pairs in the present sample may be obtained by 
comparison with the corresponding data for 
B-Li pairs given by Spitzer and Waldner[12], 
These authors calibrated the relevant 7 Li 
mode for a wide range of boron concentra¬ 
tions where there was no ambiguity over the 
interpretation of the room temperature resis¬ 
tivity measurements. These measurements in 
fact established a linear relationship for the 
strength of this band with boron content of 
the sample. If this calibration is applied to 
the present Al-Li sample, the aluminium 
concentration is found to be 2xi0 19 cm~ 3 . 
This is at the upper limit of that given in 
Section 2. 

7.2 Total integrated absorption 

7.2.1 Theory. The total integrated absorp¬ 
tion arising from an impurity of mass M‘ may 
be characterized by an apparent charge -q 


according to the relation 

r 

where D is the impurity concentration, c is 
the velocity of light, and n the refractive index 
of silicon. The quantity q is related to the 
effective charge e* by 

r) = Ae* 

where A is the effective field. Leigh and Szig- 
eti [48] have shown that for a substitutional 
impurity in a homopolar crystal such as silicon, 
A is expected to be a much smaller factor 
than that given by the usual Lorentz expres¬ 
sion, and that the static charge on the impurity 
atom is almost insignificant in determining the 
magnitude of the integrated absorption. What 
is important however is the charge sharing 
between the impurity and its nearest neigh¬ 
bours which then also contribute to the ab¬ 
sorption. 

These authors go on to show that there is 
another contribution to the total absorption 
not included above. This is due to long range 
polarization effects which only occur when 
charged impurities are present. In the present 
samples pairing of the charged impurities has 
been shown to occur, and it is therefore likely 
that these effects will be small due to the rela¬ 
tive short range of the resulting dipolar fields. 
In any case, the calculated contributions from 
this process to the total absorption is of the 
order of 2 per cent of that observed even if no 
pairing had occurred. 

These theoretical ideas have been developed 
for substitutional impurities and have been 
substantially verified by various measurements 
[1,2]. However, there is at present no cor¬ 
responding theory for vacancies and inter¬ 
stitial impurities. 

7.2.2 The measured absorption. In the 
Li-Al sample the integrated absorption of 10 3 
cm" 2 (Section 3) leads to q = 2-4 e per impur¬ 
ity pair assuming an aluminium concentration 
of 2'x. I0 18 cm -3 . From these measurements 
alone it is not possible to determine the rela- 
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tive contributions to the absorption of the 
interstitial lithium and substitutional alumin¬ 
ium respectively. Neither can comparison be 
made with the B-Li system since there have 
been no complete measurements in the band 
mode region. The total absorption in the irradi¬ 
ated aluminium doped sample was twice as 
large, although in this case the actual impurity 
concentration was only half as great. Since the 
expected impurity centres in the sample 
would not be expected to give rise to anomal¬ 
ously large values of tj, it follows that the 
marked increase in the absorption must be 
associated with irradiation damage centres. 
In this context it may be noted that the spec¬ 
tral form of the present absorption is very 
similar to that produced in pure silicon by 
irradiation with fast neutrons (see Fig. 2). The 
latter samples are known to contain a high 
concentration of di-vacancies as determined 
by the strength of an absorption band in the 
region 3-3 p.m[33,49] although it has not been 
established to what extent these centres con¬ 
tribute to the one phonon absorption. It 
has been inferred that vacancies must be 
present in the irradiated aluminium sample 
and it has also been shown that there is very 
strong absorption in the region 3 p,m. Although 
it is tempting to assume that these various 
observations are related in an obvious way, it 
is clear that further measurements are neces¬ 
sary before any definite conclusions can be 
made. 

8. CONCLUSIONS 

It has been demonstrated that appreciable 
one-phonon absorption is produced by the 
presence of Al - (s)-Al 2+ (i) and Al"(s)~ 
Li + (i) pairs of impurities in compensated 
silicon. The absorption consists of charac¬ 
teristic in-band resonances as well as a con¬ 
tinuum up to the Raman frequency. It has 
been profitable to consider these two systems 
together because a substitutional aluminium 
atom paired with a positively charged inter¬ 
stitial ion is involved in both types of crystal, 
thus enabling a detailed comparison to be made 


of the behaviour of the two interstitial ions. 
A complete comparison of these results with 
theory is not possible because no calculations 
have been made for the expected band mode 
absorption for this type of impurity pair. 

Measurements of integrated absorption 
were a factor of two greater in the irradiated 
sample compared with the sample compen¬ 
sated by lithium diffusion, although the im¬ 
purity content of the former was obviously 
smaller. It is therefore concluded that some of 
the absorption should be attributed to ir¬ 
radiation defects. In particular, the question 
naturally arises as to what absorption would be 
expected from vacancies or clusters of vacan¬ 
cies. It should again be noted that there are 
no theoretical estimates for these types of 
defect. 

The present results have also given further 
information about the nature of the resulting 
damage in the electron irradiated sample. It 
has been shown that the initial removal rate 
of aluminium atoms from substitutional sites 
is approximately equal to the expected rate 
of generation of silicon intersitial atoms. 
These results imply that the nature of the de¬ 
fects produced will be governed wholly by 
the type of the impurities initially present when 
their concentration is of the order of 10'® 
cm -3 . The present observations of ion pairing 
taken together with previous results of Wat¬ 
kins have allowed an estimate to be made for 
the activation energy of diffusion of Al 2+ 
ions. The binding of such an ion to a sub¬ 
stitutional aluminium acceptor has also been 
estimated by comparison with results ob¬ 
tained previously for B-Li pairs. The values 
of the parameters so obtained have then lead to 
a self consistent explanation of all related 
observations. 
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Abstract - The theoretically predicted cross-sections for the formation of H '-centers out of H-centers in 
KC1 and KBr and for the trapping of H-centers at Na impurities are in good agreement with the values 
obtained experimentally by Itoh. Two H-centers joined along a[ 110] direction can have nine possible 
configurations. Their energies have been calculated using a somewhat simplified model with the result 
that in the lowest state the two H-centers are perpendicular to each other and lie in a (001) plane. In 
the highest state they are co-lmear. 


1. INTRODUCTION 

The formation of a new band. H', in 
proximity of the known H band was first 
observed in KC1 and KBr crystals, upon 
prolonged X-ray irradiation at low tempera¬ 
tures, by Faraday and Comptonfl]. Further 
studies by ltoh el al.\ 2, 3] have shown that 
initially the concentration of H '-centers is 
proportional to the square of the concentration 
of H-centers and that later it saturates. This 
lead them to suggest that the H'-center is a 
pair of H-centers. H-centers are anticenters 
of F-centers and are produced by a crowdion¬ 
like motion of the displaced halogen as first 
proposed by Howard et al. [4] and later used in 
other mechanism such as Pooley’s[5]. Thus 
the efficiency of the 2H—»H' reaction during 
irradiation is proportional not only to the effec¬ 
tive cross-section cr of the H-centers for this 
reaction but also to the mean path of the inter- 
stitialcy. The experimentally determined para¬ 
meter /3 = Ao- is a volume which can be deduc¬ 
ed either from the relative rate of growth of 
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H and H' bands or from the saturation value. 
The experimental (3J values of (i are l -2x 10 a 
and 2-5 x 10 3 for KC1 and 1-4 x 10* and 2-7 x 
I0 3 for KBr expressed in units of the elemen¬ 
tary lattice cubes d’\ In the first section of this 
paper the effective cross-section of H-centers 
is calculated and the product <r\ compared 
with experiment under the assumption that 
the H'centers are stable and that there is no 
back reaction. In the second section the 
structure of the various H' configurations is 
analyzed. 

2. FORMATION OF H -CENTERS 
The stability and the structure of H-cen¬ 
ters and of their immediate neighborhood has 
been investigated in considerable detail by 
Dienes et al.[ 6]. At that time, however, no 
particular attention was paid to more distant 
neighbors which may be of importance for 
the present problem. Thus the calculations 
have been repeated using the same methods 
and numerical values as previously[6] It was 
first established that displacements in other 
than the close-packed cubic directions de¬ 
crease very rapidly with distance. This per- 
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mitted directing the main effort at calculating 
displacements in the cubic directions including 
up to 10-th neighbors. As shown in Fig. 1 in 



four equivalent directions the ions are dis¬ 
placed outward while in the remaining two 
equivalent directions they are displaced in¬ 
ward. The calculated displacements are 
shown in Fig. 2 for KC1 and KBr. The dis- 



Fig. 2. Displacements of neighbors of an H-center along 
cubic directions. Positive (outward) displacements along 
x and y axes, negative (inward) displacements along r- 
axis (see Fig. 1). Only first neighbors have a significant 
displacement in non-cubic directions. Displacements 
expressed as percentage of interionic distance. Note that 
positively charged neighbors are relatively more displaced 
while the negatively charged neighbors are less displaced 
than the mean strain indicated by the curves. Full dots 
KCl.open dots KBr. 

placements do not fall on a smooth curve with 
the positive ions being displaced relatively 
more, tjjfstn the negative ones. It should be 
poiajplljjpt that the inclusion of these addi- 
tioiigfts alters the total energy of the H- 


center only by about one per cent and thus 
all the earlier conclusions [6] concerning the 
stability of these centers are valid. 

If the strain pattern surrounding an H -center 
were approximately spherical with a radius r 
then the effective cross-section cr would be 
given by (2r) 2 ir. This is not the case, however, 
and thus the relationship between the displace¬ 
ments shown in Fig. 2 and the interaction 
between a moving and a stationary H-center 
has to be investigated in detail. First of all the 
mean displacement of an ion in KC1 or KBr 
from its ideal lattice site near 4°K is given 
essentially by its zero point amplitude which 
is about 0-3 per cent of the interionic distance 
d. It is thus reasonable to assume that at this 
temperature the effective strain pattern sur¬ 
rounding an H-center in KC1 should be cut 
off at the 7th neighbor in the four equivalent 
cubic directions and at the 5th neighbor in 
the two other cubic directions. It follows that 
an H-center moving, as a crowdion, in a (110) 
direction presents a cross-like strain pattern, 
perpendicular to that direction, with one arm 
(7/V2 )d and the other 5 d long. A stationary 
H-center presents two kinds of strain patterns 
as viewed from various (110) directions: 
one of them has arms (7lV2)d and 5 d long 
while the other one has arms (7/V2)d and Id 
long. The second pattern occurs in twice as 
many (110) directions as the first. The inter¬ 
action between two such cross-like patterns 
is illustrated in Fig. 3 for patterns with arms 5 d 
tong. The dotted line is the locus of the center 
of cross A when one of its arms comes within 
a distance d of the stationary cross B and thus 
the area enclosed is the required cross-section. 
A similar pattern is easily obtained when the 
arms of the crosses are not equal. Taking a 
properly weighted average of the two kinds of 
strain patterns of the stationary H-center one 
obtains cr = 208 d 2 for KC1 and <r = 283 d 2 
for KBr. 

The strain pattern illustrated in Fig. 1 sug¬ 
gests that if only an elastic interaction were 
pfSSent then for certain mutual orientations 
the two H-centers would repel rather than 
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Fig. 3. Cross-section for interaction of identical strain 
patterns A and B (see text). The < 110> direction is 
normal to the plane of the figure. 

attract. It is reasonable to assume, however, 
that once two H-centers are close enough they 
may reorient themselves into other configura¬ 
tions of lower energy. Reorientation of free 
H-centers [7] does not occur below about 10°K 
but in proximity of other H-centers, their 
mobility may be greatly increased. 

The most direct estimate of the length of the 
path of the displaced halogen as an inter- 
stitialcy in KBr has been obtained by Itoh et 
at. [8] from the observed stabilizing effect of 
chlorine impurities. The result is A — I Od. No 
similar measurements in KC1, doped for in¬ 
stance with KF, have been made. The various 
studies [9, 10] of a-center formation and stab¬ 
ility in SrCl 2 doped KC1 do not permit an 
unambiguous interpretation in terms of a mean 
path of the interstitialcy. Behr et a/.[ll] ex¬ 
pressed a belief that in KC1 this path is about 
6 d long. Recent studies by Balzer[12] of the 
spontaneous recombination of vacancies and 
interstitials suggest a value of about 7. Com¬ 
bining these various results one obtains for 
P = crX the value 1-46 x 10 3 d 3 for KC1 and 
2-70 x IO 3 d 3 for KBr which compare favorably 
with the experimental values 1-2 — 2-5 x lO 3 ^ 3 
and 1 -4 — 2-7 x 10 3 d 3 respectively. 

An H-center travelling through a KC1 or 
KBr lattice may encounter not only other H- 


centers to form H'-centers but also other 
impurities. In particular it may encounter a 
Na + substitutional ion. According to Douglas’ 
calculations [13] the nearest Cl~ to Br - 
neighbors of the Na + ion are displaced inward 
by about 0-04 d while the next nearest, K + . 
neighbors are displaced outward by about 
0 002 d. Using the same criteria as above one 
obtains for the stationary strain pattern as 
viewed from a (110) direction a rectangle 
dV2 long and about one atom wide. The cross- 
section for interaction with a moving H-center 
obtained in the same manner as above is about 
20 d 2 . It follows that the parameter /3 for H'- 
center formation should be 10 times greater 
than a similar parameter for the capture of H- 
centers at Na + impurities both in KC1 and in 
KBr. Itoh et al. [3] data indicate that for KBr 
this ratio is 9-4 for the lower and 18 for the 
higher value of (3. Thus also here the agree¬ 
ment between theory and experiment is satis¬ 
factory within the limits of the available infor¬ 
mation. It would be interesting to see whether 
parameters fi are temperature dependent and 
whether this dependence could be explained in 
terms of a progressive cut-off of the calculated 
strain patterns or of the increasing instability 
of H'-centers. 


3. CONFIGURATION AND ENERGY OF H'- 
CENTERS 

It is interesting to analyze the various pos¬ 
sible configurations which can arise when two 
H-centers are nearest neighbors along af 110] 
direction. The problem is analogous to that of 
0 2 ~ centers in K.C1 and KBr[14,15]. The basic 
method of calculation was the same as that 
used in the early study[6] of H-centers. In 
order to compare the energies of the various 
configurations two quantities were kept con¬ 
stant: The size i.e. the separation between 
the two chlorine ions in each CI 2 ~ molecule 
and the separation of the two H-centers. The 
orientation of the two H-centers was different 
in each case but it was kept fixed while the 
surrounding lattice was permitted to relax. 
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Fig. 4. Possible configuration of two H-centers forming 
an H'-center. The small cubes are meant to aid in visual¬ 
izing the orientation of the H-centers and are not to be 
confused with the elementary cubes of the lattice. 

The various possibilities are illustrated in Fig. 
4 using notation introduced in the study of 
(V centers! 14]. Depending upon the sym¬ 
metry of the configuration a number of para¬ 
meters was necessary to describe the displace¬ 
ments of the neighboring ions. Case 3 required 
45 parameters while case 7 only 6. The results 
are given in Table 1. It is interesting to note 
that relaxation did not alter much the sequence 
of energies and that cases 5, 6 and 8 are very 
close to each other. The relaxation lowers the 
energies uniformly by about 3-5 to 3-8 eV 
except for case 3 where it is only 2-7 eV. The 
lowest energy corresponds to a configuration 
in which the two H-centers lie in a (001) 
plan||pd are perpendicular to each other. 

Aji more detailed calculation in which both 
(|||||ie of each of the constituent H-centers 


Table 1. Energies (relative to the perfect 
lattice, in eV ) of the various possible H'- 
centers with and without relaxation 


Configur- 

ration 

Molecular 

orientation 

Common 

plane 

No 

relaxation 

With 

relaxation 

9 

[nowno] 

(001) 

7-54 

3 85 

2 

not HI 101 


7-64 

3-99 

8 

[IIOHIIO] 

(001) 

7-75 

4-08 

5 

[101W10J] 

(HI) 

7-70 

4-12 

6 

[ 101]— [101] 


7-75 

4-14 

4 

[101]-[0Tl] 

(111) 

7-83 

4-20 

1 

[101H110] 

(111) 

7-83 

4-32 

3 

[101H011] 


7-66 

4-96 

7 

[lioi-tuo] 

(hkl) 

11-87 

8-10 


and also their orientation would be permitted 
to relax was not made because of the enormous 
increase in complexity and in the number of 
variable parameters. Only the high symmetry 
case 7 was re-calculated permitting the two 
H-centers to adjust their size but not their 
orientation. Its final energy turned out to be 
comparable to that of the unrelaxed case 3 and 
thus still one of the highest. It is interesting to 
note that the sequence of configurations here 
obtained is quite different from that deduced 
for 0 2 “ centers! 14] which for KCl is 1.8.5.6, 
9, 2, 7, 3 and 4 while for KBr is 1,9, 7, 8,5, 6, 
2. 3 and 4. In all these calculations only the 
elastic energy was taken into account and no 
quantum mechanical corrections included. 
The latter are known to affect the configuration 
of H-centers themselves[6]. The present case 
is prohibitively complicated for a complete 
quantum mechanical treatment and the use of 
simplified models for configurations of such 
low symmetry appears too arbitrary to lead to 
meaningful results. 

The absolute magnitudes of the energies in 
Table 1 are undoubtedly too high because of 
the neglect of the above mentioned relaxations. 
As far as the sequence of various configura¬ 
tions is concerned, configurations 8, 5 and 6 
are so close to each other that their order 
could be changed if the relaxations were to 
decrease the energies by, say, a factor of 2. 
The order of the remaining configurations, for 
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which the energy difference may go down to 5 
per cent in some cases, probably would not 
change since the computations themselves are 
good to 0 01 eV. For the same reason, in 
comparing the energy of the most stable H’- 
center, 3-85 eV, with the energy of two isola¬ 
ted H-centers in KC1,2-8 eV[6], it should not 
be concluded that the H'-center is unstable 
relative to the H-center, As mentioned above, 
a more detailed calculation for the H'-centers 
is rather prohibitive because of low symmetry. 

It is also of interest to compare the energy 
of an H-center with that of a neutral Cl 2 
molecule inserted interstitially in the KC1 
lattice. A calculation was carried out for an 
interstitial Cl 2 molecule oriented in a [100] 
direction with the two nuclei located symmetri¬ 
cally in adjacent cells (dumbbell configuration 
across a face). The nearest neighbors (those 
located in the plane perpendicular to the mid¬ 
point of the molecular axis) and the next 
nearest neighbors (at the corners of the cubes) 
were allowed to relax. The molecular interac¬ 
tion between the two Cl nuclei was represented 
by a Morse function fitted to the potential 
energy vs. distance curve for the free molecule. 
The calculations showed that the nearest 
neighbors are displaced outward by about 10 
per cent and the next nearest neighbors by 5 
per cent, and that the interstitial Cl 2 molecule 
is slightly expanded in the K.C1 lattice (from 
r = 2-0A to r = 2-2A, where r is the inter- 
nuclear distance in the molecule). The energy 
of this configuration is 21 eV relative to the 
perfect crystal. A similar calculation showed 


that if the interstitial Cl 2 molecule is confined 
to one cell in a [100] orientation the mole¬ 
cule is compressed slightly (r = T9 A) and the 
energy rises to 2-7 eV. 

The interstitial Cl 3 molecule, according to 
these calculations, has a lower energy (2-1 eV) 
than two H-centers (2-9eV) or two isolated 
neutral chlorine interstitials (3-6 eV). These 
results support the idea that the final state of 
the H-center is the interstitial Cl 2 molecule. 


REFERENCES 

t. FARADAY B. J. and COMPTON W. D.. Phys. 
Rev. 138, A893 (1965). 

2. ITOH N.. KAWAMATA T.. HIRAO T. and 
KANZAKI H.. J. phys. Soc. Japan 23, 453 (1967). 

3. ITOH N. and SA1DOH M.. Phys. Status Solidi 33. 
No. 2(1969). 

4. HOWARD R. E.. VOSKO S. and SMOLUCHOW- 
SKi R.. Phys. Rev. 122, 1406(1961). 

5. POOLEY D., Proc. Phys. Soc. 87, 245. 257 (1966). 

6. DIENES G. J.. HATCHER R. D. and SMOLU- 
CHOWSK1 R.. Phys. Rev. 157.692(1967). 

7. BACHMANN K.. Thesis. Eidgenossische Tech- 
nische Hochschule. Ziirich (1968). 

8. ITOH N.. ROYCE B. S. H. and SMOLUCHOW- 
SK1 R..Phys. Rev. 138. A1766 (1965). 

9. BF.HR A.. PE1SL H. and WAIDEUCH W.. J. 
Phys. 28. C4-163 (1967). 

10. GIULIANI G. and REGUZZONI E., Phys. Status 
Solidi 25.437 (1968). 

11. BF.HR A.. PE1SL H. and WAIDEUCH W.. Phys. 
Lett. 24\. 379 (1967). 

12. BALZER R.. Thesis. Technische Hochschule, 
Darmstadt (1969). 

13. DOUGLAS T. B..J. chem. Phys. 45 , 4571 (1966). 

14. SHUEY R. T. and BEYELF.R H. U ..J. appl. Math. 
Phys. 19 , 278 (1968). 

15. VON WALDKIRCH T., ZELLER H. R. and 
KANZ1G W„ Helv. Phys. Acta 40 . 823 (1967). 




J. Phys. Chem. Solids Pergamon Press 1970. Vol. 31, pp. 707-711. Printed in Great Britain. 


SOME OBSERVATIONS ON THE LUMINESCENCE OF 

G. BLASSE and A. BRIL 

Philips Research Laboratories. N. V. Philips' Gloeilampenfabrieken, Eindhoven, The Netherlands 

(Received 8 August 1969; in revised form 28 October 1969) 

Abstract —The compound /3-Ga 2 0 : , shows at least three different emission bands depending on the 
choice of the dope. At room temperature, an efficient blue emission is found for undoped Ga,O a and 
GajOa containing cations with a charge higher than three. Greenish emission is found for Ga^O, 
doped with Be or with a combination of Li (or Be) and one of the ions causing the blue emission. At 
liquid nitrogen temperature an u.v. emission band is observed for practically all compositions. 


1. INTRODUCTION 

Leverenz[1] mentions the emission of a - 
Ga^ under cathode-ray excitation. The j3- 
modification, however, has not been investiga¬ 
ted. Its crystal structure was reported by 
Geller[2]. There are two kinds of Ga 3+ ions 
present, one in octahedral, the other in tetra¬ 
hedral coordination. Further three different 
types of O 2- ions can be distinguished. 
According to Tippins[3] /3-Ga 2 0 3 shows 
photoconductivity for band-edge excitation. 
Lorenz et al. [4] showed that /3-Ga 2 0 3 is an 
n-type semiconductor. The resistivity of the 
samples depends strongly on the atmosphere 
during the preparation. The dominant donor 
species was assumed to be an anion vacancy. 
Recently Wanmaker and Ter Vrugt[5] 
found that gallate spinels are efficient phos¬ 
phors under ultraviolet (u.v.). and cathode- 
ray (c.r.) excitation. In this paper we report on 
the luminescence of doped and undoped 
/3-Ga 2 0 3 . No efficient phosphors based upon 
this lattice are known to the authors except 
for /3-Ga 2 0 3 -Dy with efficient Dy 3+ emission 
[ 6 ], 

2. EXPERIMENTAL 

Samples were prepared by usual techniques. 
Ga20 3 was used with a purity of 99-99% 
(Alusuisse). Spectrochemical analysis showed 
the following impurities: Al (0-5 ppm). Si 
(10 ppm), Sn (3 ppm), Zn (2 ppm), Cu and Pb 


(0-1 ppm). The dope concentration was varied 
from 0-1-10 atomic per cent. Firing was car¬ 
ried out in alundum crucibles. 

Samples were checked by X-ray analysis 
and their optical properties were determined 
as described previously[7], 

3. RESULTS 

At least three types of emission were ob¬ 
served for doped and undoped I3-Gat0 3 , 
viz. broad emission bands with maxima at 
about 365. 420 and 500 nm. In the following 
these bands will be called the ultra-violet 
(u.v.), blue and green band, respectively. All 
samples showed a long rise and afterglow 
(usually with a green colour) especially under 
u.v. excitation. A number of representative 
dopes are compiled in Table 1. 

3.1 Emission spectra 

Table 1 shows the influence of the dopant 
on the emission colour. Undoped and doped 
/3-Ga 2 0 3 show in general a blue emission at 
room temperature (Fig. 1) (it should be kept in 
mind that undoped Ga 2 0 3 contains impurities 
in the ppm range). An exception is the Be- 
doped Ga 2 0 3 with mainly green emission 
(Fig. 2) and Si-doped Ga^s (fired in N 2 ) 
with u.v. and blue emission (Fig. 3). A double 
dope consisting of Li (or Be) with one of the 
dopes giving blue emission results in (mainly) 
green-emitting phosphors (Fig. 4). The phos- 
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Table 1. Luminescence of 


Composition 

Dominant 
emission band* 
300°K 77“ K 

Q(%)t 

(250-270 nm) 

rj(%)f 
(20 kV) 

GsijOg 

(fired in 0 2 ) 

B 

UV 

20 

2-5 

GfliOj 

(fired in N 2 ) 

B 

uv 

40 

4 

GajOj-Si 
(fired in O z ) 

B 

UV 

40 

3 

GfljOs-Si 
(fired in N*) 

UV/B 

uv 

20 

1 

GajOj-P 

B 

uv 

45 

4 

GJijO.T’B 

B 

UV/B 

40 

3 

GajO^Mo 

B 

UV 

35 

3 

GajOj-W 

B 

uv 

35 

3 

Ga^Oa-Nb 

B 

uv 

30 

3 

Ga20 3 -Sn 

B 

uv 

20 

2 

GasOj-Be 
(fired in N z ) 

G 

uv 

30 

2 

GajOn-Be 
(fired in O s ) 

G 

uv 

15 

1 

GajOa-Li. Si 
(fired in N z ) 

G 

UV/G 

40 

3 

GagOj-Li, Si 
(fired in O,) 

G 

UV/G 

25 

2 

GajOs-Li, P 

G 

UV/G 

50 

3 

GagOa-Li, W 

G 

UV/G 

40 

3 

GajOj-Li. Sn 

G 

UV/G 

30 

3 

Ga,Oj-Be. Si 

G 

UV/G 

30 

2 

GajOj-Be, W 

G 

UV/G 

30 

2 


*B: blue (~ 420 nm); UV: ultra-violet (~ 365 nm); G: 
green (— 500 nm) 

tQuantum efficiency for 250-270 nm excitation at room 
temperature (the maximum of the excitation band is at 
shorter wavelengths. The maximum quantum efficiency in 
the u.v. region is about 1-4 times the value in the table). 

^Radiant efficiency for c.r. excitation at room tempera¬ 
ture. 



Fig. 1. Spectral energy distribution of the emission of 

Ga,0 3 (2 5 $4«m excitation) at 300°K (-) and 77°K 

(-^Vffv^s the radiant power per constant wave- 

■ Mjj|S^ nun ^* r ' nterva ^ * n *u^>itrary units. 



V (TO 1 OT-tJ -«- 


Fig. 2. Spectral energy distribution of the emission of 

Gaj0 3 -Be (254 nm excitation) at 300°K (-) and 

77“K (-). 



P(10 3 cm- 1 ) -a- 


Fig. 3. Spectral energy distribution of the emission of 

GaA-Si (fired in N„) at 30()°K (-) and 77“K (-) 

and of GajO^-Si (fired in O z ) at 300°K (-.-.-) and 77°K 
(-) (254 nm excitation). 



Fig. 4. Spectra energy distribution of the emission of 

GasOs-Be. Si at 300°K (-) and 77“K (-) and of 

GajOj-Li, Si at 300°K and 77°K (• • •) (254nm 

excitation). 

phor GasCVBe itself gives the same emission; 
GajOs-Li, however, shows the blue emission. 
Usually the two dopes were added in such a 
ratio that they can substitute for Ga 3+ ions 
without vacancy formation (e.g. Li + + 2Si 4+ = 
3Ga 3+ ). This exact ratio, however, is not 
necessary to obtain the green emission. 
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The firing atmosphere had a drastic influence 
on the emission of GajOj-Si. Under oxidizing 
conditions it is blue, under reducing conditions 
it contains also the u.v. band (Fig. 3). This 
effect was observed only for Si-doped samples. 

Decreasing the temperature from room tem¬ 
perature to liquid N 2 temperature brings about 
marked changes in the emission spectra. In the 
blue- as well as in the green-emitting samples 
a new band appears, viz. the u.v. band (ob¬ 
served at room temperature only for Ga^- 
Si, fired in N 2 ). At the same time the intensity 
of the blue or green band decreases. In Fig. 5 
the temperature dependence of the green 
emission of Ga20 3 -Li, Si is given as an exam¬ 
ple. From room temperature to liquid N 2 
temperature the emission colour changes, 
therefore, either from blue to violet or from 
green to blue (Figs. 1-4). In many cases the 
emission spectra consist of more than one 
emission band (see e.g. Fig. 3. where at room 
temperature the emission of GasC^-Si. fired 
in Nj,, contains the u.v. and the blue band; at 
liquid N 2 temperature the green band is ob¬ 
served too). 

Also Ga 2 0 3 ~Dy, at room temperature an 
efficient Dy 3+ -phosphor[6], shows at liquid N 2 
temperature only the u.v. band emission. The 
characteristic Dy 3+ emission has nearly com¬ 
pletely disappeared. 



Fig. 5. Temperature dependence of the intensity of the 
green emission band of Ga*0,-Li, Si under 254 nm 
excitation. 


3.2 Decay and afterglow 

In Fig. 6 the decay-curve of the u.v. emis¬ 
sion band of Ga^-Si is given for cathode- 
ray excitation. The curves for the blue and 
green emission band of other samples are 
similar. These curves are clearly not exponen¬ 
tial. The main decay is very fast; the intensity 
of the emission falls to 50 per cent of its origin¬ 
al value in about 30 nsec. Within the experi¬ 
mental error this value is equal for the u.v., 
blue and green emission band. In addition a 
long afterglow was observed. The intensity of 
this afterglow increases with decreasing cur¬ 
rent density. As an example we give some data 
for the blue emission band of Ga5.0 3 -Si: For 
cathode-ray excitation the intensity at 80 ^.sec 
after a 20 ^sec pulse amounts to 13 per cent 



Fig. 6. Rise and decay of the ultraviolet emission (X < 390 nm) of 
Ga^Oj-Si (fired in N 2 ) under cathode-ray excitation. Pulse time 
40 nsec. 
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of the maximum intensity for 0-01 p. A/cm 2 and 
to 3 per cent for 10/zA/cm a . 

Similar phenomena are observed for ultra¬ 
violet excitation. For Ga^Oa-Be, for example, 
the intensity of the emission falls to 50 per 
cent of its original value in 0-1-10 sec depend¬ 
ing on the excitation density. The rise and 
decay under u.v. excitation are very much 
slower than under cathode-ray excitation 
because the excitation density is much higher 
in the latter case. 

3.3 Excitation spectra and efficiency 

Due to the long rise and afterglow, measure¬ 
ment of the excitation spectra is difficult. All 
samples show a strong excitation band peak¬ 
ing at about 260 nm. This band corresponds to 
the absorption edge of /3-G a,0 3 (Fig. 7). The 
excitation spectra contain also a number of 
very weak bands at longer wavelengths (Fig. 
7). These bands were found for all Gaj0 3 
samples and also for a number of Ga 3+ com¬ 
pounds. Due to their weakness measurements 
such as those recorded in Fig. 7 have a qualita¬ 
tive meaning only. The green emission could 
be excited in all bands shown in Fig. 7, the 
blue emission only in the bands in the region 
220-260nm and 290-3lOnm. In the diffuse 
reflection spectra we could not find any absorp¬ 
tion bands corresponding to the weak excita¬ 
tion bands. 


Quantum efficiencies were measured for 
250-270 nm excitation and are reasonably 
high (up to 50 per cent, see Table 1). Since the 
maximum of the excitation band is at shorter 
wavelengths, the maximum quantum efficiency 
in the u.v. region is higher (up to 70 per cent). 
Radiant efficiencies for c.r. excitation vary 
from 1 to 4 per cent (see Table 1). In many 
cases we found a dependence of the efficiency 
on the firing atmosphere. Undoped Ga20 3 
shows higher efficiencies if fired under reduc¬ 
ing conditions and so does Ga^Oa-Li, Si. On 
the other hand, Ga 20 3 -Si shows higher 
efficiencies if fired under oxidizing conditions 
(Table 1). In the latter case, however, the 
emission spectrum changes also. 

4 . DISCUSSION 

The present results indicate that 0-Gn 2 O 3 
has properties similar to those of the ZnS-type 
of phosphors. This is not surprising because 
other oxides of 3 d'° ions are also known to 
show emission of this type: ZnO fired under 
reducing conditions shows a green emission 
(ascribed to anion vacancies) and ZnO doped 
with Ga :,+ or Cl - shows an orange emission 
(ascribed to cation vacancies) [8]; Ge0 2 
(rutile modification) shows yellow emission 
(ascribed to anion vacancies) [9]. 

An explanation of the fluorescence of /3- 
Ga^ may be even more difficult than in the 



Fig. 7. Diffuse reflection spectrum (-) and excitation spectrum 

of the green emission band of Ga,0 3 -Li, Sb. The excitation spectrum 
curve is an uncorrected recorder curve. Correction factors are indicated 
in the figure (with arrows). The zero-point curve should be estimated 
from the recorder curve. 





LUMINESCENCE OF /3-Ga.O, 


711 


case of compounds like ZnS and ZnO due to 
the fact that the structure of/ 8 -Ga 20 3 contains 
two crystallographic sites for gallium and three 
for oxygen. The number of different defects 
can, therefore, be very high, even in pure /3- 
GajOs, so that an interpretation of the present 
results seems not to be feasible at the moment. 
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ENTROPIES OF MIXING OF SOLIDS WITH A 
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Abstract — Molar entropies of mixing for elemental and compound phases at the composition extreme 
in retrograde solidi are calculated from available thermodynamic data on the respective liquid solutions 
and the tentative assumption that the partial molar entropy of mixing of the solid solvent is zero. Calcu¬ 
lated values of the partial molar entropy of mixing of the solute or dissolved component, for the 
elemental phases agree with the available experimental data demonstrating the usefulness of the 
method of calculation for dilute solid solutions. For compound phases, the calculated values of S MO- \ 
the integral molar entropy of mixing, are more positive than that as calculated from published values 
of entropies of formation. 1 he differences are attributed in part to the neglect of the partial molar 
entropy of mixing of the solid solvent. For the compounds Cap*. CdTc, PbTe, UN, UP, and US, the 
differences are too great to be attributed to assumptions in the calculations. Arguments are presented 
suggesting that these discrepancies are due in part to errors in the accepted entropy values for forma¬ 
tion of the compounds and/or of phase transition of the constituent elements. 


Usefulness of an approximate method for 
calculation of the entropies of mixing at the 
extreme composition of binary solids with a 
retrograde solidus is discussed. The composi¬ 
tion ranges of such solids are quite narrow, 
consequently, direct experimental data on the 
entropies of mixing are difficult to obtain and 
published data are sparse. 

PREVIOUS WORK 

A solidus is retrograde when the tempera¬ 
ture coefficient of solubility of a component 
in the solid coexisting with a fixed liquid phase 
exhibits a sign reversal. A retrograde solidus 
has been reported to occur in a number of 
binary phase systems. Published data[1-79] 
are listed in Table 1 with the solute element 
designated by 2. The other element is desig¬ 
nated by 1. Other solidi that may be retrograde 
are Ge(+As)[6], Si(+As)[6], Ge(+Au)[77], 
Si(+ B)[6], Ge(+Bi)[31], Si(+Bi)f6], CdSe- 
(+Cd) [41], Ge(+Co)[77], Si(+Co)[6], 

Ge(+ Fe)[77], Ge(+Mn)[77], Si(+Mn)[6], 


’This work was done under the auspices of the U.S. 
Atomic Energy Commission. 


Si(+P)[6], Ge(+S)[77), Si(+S)[6], SnS(+S) 
[78-9], Ge(+ Se) [77], SnSe(+ Se) [79], 
Ge(+Sn)[6], SnTe(+Sn)[4l], Ge(+Te)[77], 
and Ge(+TI)[31], but these are not listed in 
Table 1 because of the apparent need for 
additional experimental investigation. 

Symbols of Wagner[80] are employed. 
Atomic fractions of component /= 1 and 2 are 
designated Xj. partial molar entropies and en¬ 
thalpies by S, and R„ respectively, and the 
partial molar entropies of mixing by S ( M . Integ¬ 
ral molar entropy of mixing and integral molar 
free energy of mixing are represented by S M and 
G M . The above quantities for liquid and solid 
phases are distinguished by the superscripts 
(1) and (s), respectively. 

Thermodynamic implications of a retro¬ 
grade solidus have been investigated by sever¬ 
al authors. Meijering[81] examined cases of 
retrograde solubility known at the time with 
an equation equivalent to equation (2) (below), 
estimated entropies of fusion, and the assump¬ 
tion of ideal entropies of mixing for the solid 
and liquid phases. From the available liquidus 
data, he predicted a retrograde solidus in sev¬ 
eral binary systems. Some anomalies in his 
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Table 1. Compositions of the solidus and liquidus at the temperature of 
maximum retrograde solubility 


Solidus extremum Liquidus 


Solid 

phase 

Dissolved 
component, 2 

XJ‘ U 

Temp. 

m 

Ref. 

Ay 11 * 

Ref. 

Ge 

Ag 

2-3 x I0-" 

875 

1 

0-22 

2 

Si 

Ag 

4 x i<r« 

1350 

3 

0-15 

2 

Gc 

Al 

0 0097 

675 

4 

0-47 

2 

Si 

Al 

0 0004 

12(H) 

5.6 

0-35 

2 

Co 

Au 

0025 

1200 

7 

0-44 

7 

Si 

Au 

2 x lO” 1 ’ 

1300 

8,9,28 

0-18 

2 

Ag 

Bi 

0-027 

500 

12. 12b 

0-35 

2 

Au 

Bi 

0 0006 

900 

12 

0-12 

2 

Bi.,Te ; , 

Bi 

0-4027 

560 

13 

0-496 

L3 

Cu 

Bi 

.lx 10 5 

800 

10. 11.2 

0-60 

2 

CaF s 

Ca 

0-34 

1330 

14 

0-38 

14, 15 

Cu 

Cd 

0-026 

650 

16. 17 

0-37 

2 

C'dTe 

Cd 

0-50003 

900 

18 

0-90 

19 

Ge 

Cd 

5 X 10 ■ 

840 

20 

0-50 

2 

Zn 

Cd 

0-015 

3(H) 

21-23 

0-56 

2 





cf. 24 



Ge 

Cu 

7 x 10- 7 

880 

25.26 

0-18 

27.2 

Si 

Cu 

3 x 10 » 

13(H) 

25. 28 

0-20 

2 

Si 

Fe 

7 x 10 ; 

1300 

28 

0 17 

2 

Ge 

Ga 

0-011 

7(H) 

29.4 

0-60 

2.30 

Si 

Cia 

0-0008 

1200 

6.31 

0-50 

2 

HgSe 

Hg 

0-5001 

350 

76 



Ge 

In 

9x 10 5 

800 

6.31 

0-38 

2 

Si 

In 

4 X 10 5 

1330 

31 

0-32 

2 

Ge 

Li 

0-00017 

8(H) 

32 

0-13 

32 

Si 

I.i 

0-0013 

1185 

33.34 

0-37 

-> 

Ge 

Ni 

1 -8 x 10-’ 

880 

35 

0-16 

2 

Si 

O 

3-4 X K)' 3 

1410 

36. 37 

(0-004) 

37 

Ag 

Pb 

0-028 

650 

12.38. 

0-37 

-i 





39,23 



Au 

Pb 

0(H) 1 

9(H) 

12 

0-12 

2 

Ge 

Pb 

M x 10 5 

870 

6 

0-35 

2 

PbS 

Pb 

0-5004 

1050 

40 

0-65 

2.41 

(PbSe) 

Pb 

0-5004 

1000 

41 

0-65 

41.42 

PbTe 

Pb 

0-50003 

790 

4.3-45 

0-82 

46,47 

PbS 

S 

0-5002 

9(H) 

40,79 

0-63 

40 

Au 

Sb 

0-011 

6(H) 

48 

0-23 

2 

Ge 

Sb 

0-0002 

880 

25.29.31 

0-25 

49.50 

Si 

Sb 

0-0013 

1320 

6. 31 

0-25 

2 

Al 

Sn 

0-002 

620 

51 

0-19 

2,52 

Si 

Sn 

0-0011 

1200 

6.53 

0-98 

75 

CdTe 

Te 

0-5004 

1060 

18. 19 

0-55 

19 

CoTe 

Te 

0-66 

800 

54 

0-84 

54 

PbTe 

Te 

0 50013 

700 

43-45,79 

0-68 

2.55 

SnTc 

Te 

0-51 

6(H) 

56.57 

0-69 

2 

ThN 

Th 

0 51 

2000 

58" 1 

0-89 

58 

ThP 

Th 

0-50 

2300 

59 

0-75 

59 

(ThAs) 

Th 

0-50 

2400 

60 

0-68 

60 

Ag 

Tl 

0-075 

550 

12 

0-70 

61 

Au 

Tl 

0-009 

8(H) 

12 

0-23 

2 

UC 

U 

0 51 

2000 

^ 62-65 

0-87 

66-69 

UN 

u 

0-50 

2200 

70 s 

0-91 

70,71 

(UP) 

u 

0-50 

2200 

72 

0-81 

72 
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Table 1 (cont.) 


Solid 

phase 

Dissolved 
component, 2 

Solidus extremum 

Liquidus 

AV"* 

Temp. 

(°C) 

Ref. 


Ref. 

(U As) 

U 

0-50 

2200 

73 

0 81 

73 

US 

u 

0-50 

2000 

74 

0-86 

74 

Ge 

Zn 

l-lx 10" 4 

800 

29,6 

0-40 

2 

Si 

Zn 

1-2 x I0-" 

1320 

6 

0-22 

75 


I. Pari of the Th lhat had been previously identified as precipitate was subsequently found to 
have been inclusions. With the assumption that the ThN phase in products annealed at 1400“ is 
stoichiometric, the extreme N/Th ratio at the Th-saturated ThN solidus was redetermined 
microscopically as 0-975 ±0 015 at 2000°. 

2 Reported analyses for U as determined by ignition in air at 800° are in error due to an in¬ 
correct formula. U ;1 O s , assumed for the product. Corrected for this systematic error, the N/U 
ratio of the UN congruent melting composition is I-00±0-03 as based upon ignition analyses 
and 0-995 ±0-005 as based upon microscopic analyses. The extreme N/U ratio of U-rich UN 
has been subsequently determined microscopically as 0-99 ±0-01. 


calculated results were attributed by him to 
S M<S) values being greater than his assumed 
ideal values. Thurmond and Struthers[251 
reported data on retrograde solubilities of Sb 
in Gc, Cu in Si. and Cu in Ge based upon 
measurements of distribution coefficients. 
From the results, they represent S 2 M as a sum 
of two terms. (I) configuration (random mix¬ 
ing) term and (2) a large positive composition- 
independent term. Hodgkinson[26] arrived at 
virtually the same results for solutions of Cu 
in Ge based upon electrical resistance mea¬ 
surements on quenched specimens. Accord¬ 
ing to Hodgkinson, the composition-indepen¬ 
dent term is associated with vibrational 
entropy. The data interpreted according to 
these authors result in large positive values for 
H 2 M(S> (partial molar enthalpy of mixing of the 
solute, 2). Thurmond and Struthers suggested 
this is a general characteristic of solid solu¬ 
tions with a retrograde solidus. Miller and 
Komarek[41] reported liquidus curves for the 
Pb-PbS, Pb-PbSe, and Pb-PbTe systems. 
From inflections in their smoothed curves, 
they suggested that the liquids deviate from 
ideal solutions in the positive direction at 
temperatures only slightly above that at which 
the maximum solid solubility occurs. 


CALCULATIONS 

Relation between partial molar entropies 
at the temperature of maximum retrograde 
solubility 

General differential equations describing a 
liquidus and a solidus in a binary system as 
first derived by Schootky. Ulich, and Wagner 
[80. 82) may be written, respectively 


_*L v id . 

dT ’ 


-iL. x <s) = 

dT - 


A'i u> S,+^ (s) l, 

w-xMtOP) 


(1) 

( 2 ) 


where 1, = (S, (,> — S/ s> ) and £ 2 = (S 2 ,l) - S 2 <s >) 
denote entropies of transfer for the respective 
components from the phase s to I. The equa¬ 
tions as given by Schottky, Ulich, and Wagner 
are expressed in terms of the heats of trans¬ 
fer, A, = fl 1 " , -H 1 <s > and A,*H 2 ,u -H 2 (s \ in¬ 
stead of I, and X 2 . These quantities are 
related under equilibrium conditions by the 
following equations: A, = r2i and A 2 =72 2 
where T denotes temperature in degrees 
Kelvin. For a retrograde solidus, there exists 
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a temperature, denoted by T*, at which the 
solubility is a maximum so that (d/dT)A7 s *=0. 
and, therefore, from equation (2), 

AY 1 '* 2 +AY 1 ’* S 2 = 0. (3) 

In what follows, for each element we shall 
adopt a single reference state, the normal 
state, that is common to both the solid and 
liquid solutions of a given binary system; 
therefore, we may replace the entropies of 
transfer in equation (3) by the appropriate 
differences in the partial molar entropies of 
mixing to obtain the equation 

Amu* [s,mu>( x 2 ( "*) - S, M<S, ( AV S) *)] 

+ 3f 2 u> *l.S 2 M,,> (AY"*) — S 2 m " > ( AV S> *)] = 0, (4) 

valid at temperature T*. In equation (4), 
S, M< "( X s (n *) for the liquid and S, MW ( A7 S) *) for 
the solid phases are written explicitly as func¬ 
tions of the liquidus and the solidus atomic 
fractions, respectively, at temperature T*. 
We shall omit the explicit expression of Ay 1 ’* 
and AV S) * in the subsequent discussion and 
write simply S/ M<l) and S, M<S) as well as S M(I) and 
SM<s) respectively, for the liquid and solid 
phases remembering that the entropies of 
mixing are to be evaluated at the respective 
liquidus and solidus composition, unless 
specifically stated otherwise. Solving for 
in equation (4) gives 

y <l)* 

S 2 Mla) = S 2 Ml » + [S, M< » - S, Mla> ]. (5) 

S\ 2 

The integral molar entropy of mixing of the 
solid can be written, correspondingly, as 

S M( S ) = S M(1) + (y,(D* _ A'd 8, *)[S 1 M ' ,) - S 2 M,sl ] . 

( 6 ) 

Equations (5) and (6) are, in our discussion, 
basic equations relating the entropies of mix¬ 
ing of tfceJliquid and solid solutions coexisting 
at temperature T*. The object of this note is 
to d4$peate the usefulness and limitations of 


equations (5) and (6) for calculation of S 2 M<S) 
and S M<8) values, respectively, from a know¬ 
ledge of the phase diagram, available informa¬ 
tion on the entropies of mixing of the liquids, 
and estimated S, M<S) values. 

A qualitative relation that we shall subse¬ 
quently use and with which experimental re¬ 
sults at T* must be consistent can be seen 
with equations (I) and (3). Elimination of 2, 
from equations (I) and (3) gives 



valid at the temperature T*. From equation 
(7), it follows that S 2 = (S 2 U) —S 2 ls) ) < 0 and, 
remembering equation (3), £, = (§, (l) — S, 00 ) > 

0. Thus, in contrast to entropies of the pure 
elements in the liquid and solid states, S 2 is 
more positive for the solid than for the co¬ 
existing liquid phase at T*. the temperature of 
maximum retrograde solubility. 

RESULTS 

Evaluation of the entropies of mixing for 
the liquids composition at temperature 
T*. 

The standard reference states are defined as 
the pure elements in their normal states at ~ 
the temperature T *. For the prescribed calcu¬ 
lations, we shall need S 2 MU) , and S M<1) 

values at X 2 = X 2 l) * and the temperature T = 
T*. Values as computed! from published 

tFor extrapolation as a function of temperature as em¬ 
ployed in the calculations, the entropies of mixing arc 
assumed to be constant. Some of the values listed in 
columns 6 to 8 of Table 2 are enclosed in parentheses to 
indicate a lesser reliability that results from either scatter 
in the original data, possible determinant error in the ex¬ 
perimental method, or because the published data pertain 
to remote conditions and an extended extrapolation as a 
function of temperature and/or composition is necessary 
to obtain the quantities under the appropriate conditions. 
Entropies of transition at temperature T * arc calculated 
with the values of entropies of normal transition as tabu- 
lated-by Stull and Sinke[t 11] and uthers|l 12-114). The 
entropies of fusion at the normal melting point are cor¬ 
rected to T= T* with heat capacity values as given by 
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experimental data are listed in columns 6 to 
8 of Table 2 for the elements in the reference 
states as shown in columns 1 and 2. The 
values which are selected for the subsequent 
calculations are indicated by asterisks. 

Entropy values as calculated with the as¬ 
sumption that the entropy of mixing of the 
liquid components is ideal, are listed in Col¬ 
umns 3 to 5 of Table 2. They are all reason¬ 
ably close to the published experimental 
values suggesting that the calculated values 
are reasonable approximations in the cases 
for which experimental data are lacking. For 
the cases that experimental data are lacking, 
the ideal entropies of mixing as listed in Col¬ 
umns 3 to 5 of Table 2 are adopted in the sub¬ 
sequent calculations. 

Evaluation of the entropies of mixing of the 
solidus composition at the temperature T* 

For the cases of elemental phases with 
retrograde solidi, the extreme solubility, AV 9 ’*, 
does not exceed 0 03 except for the case of 
Ag-TI for which A7* >4 = 0 075. With some 
degree of confidence, then the approximation 

S, M(S) - 0 (8) 

can be made for the elemental solid phases. 

Kubasehewsky, Evans and Alcock[114] if listed, other¬ 
wise the small temperature correction is neglected. En¬ 
tropies of vaporization at T* are approximated in ail 
cases as the value of the entropy of vaporization at I atm 
pressure. Arsenic and phosphorus form complex mixtures 
of associated gaseous molecules at temperatures near the 
boiling points. For these cases, the Trouton-rule value of 
22 e.u. is adopted for the entropy of vaporization of the di¬ 
atomic molecules at the pertinent temperatures. Sulfur 
and selenium also form associated molecules on vaporiza¬ 
tion, but for these cases, the values are taken as given by 
Kubaschewski, Evans, and Alcock(ll4], The reference 
temperature exceeds the critical temperature for the ele¬ 
ments arsenic (1047°)[ 115J, fluorine (—129°)[lll] nitro¬ 
gen (- 147°) (111], oxygen (— 118°) [111], phosphorus (721°) 
(115], and sulfur (1040°)[115], and there is no experi¬ 
mental significance to a pure hypothetical liquid state as 
a reference for these elements. The entropy change suffer¬ 
ed by these elements upon formation of the gas is approxi¬ 
mated as the sum of the normal entropies of fusion and of 
evaporization. This is emphasized by brackets enclosing 
the calculated results. Any error introduced by this arti¬ 
fact is expected to yield over estimates for the entropies 
of vaporization and, therefore, to not alter the final con¬ 
clusions. 


For the compound phases with retrograde 
solidi, the analysis of S 1 MU) is more compli¬ 
cated because (1), by virtue of being a com¬ 
pound, the solution is no longer dilute with 
respect to either component 1 or 2 and (2) the 
normal state of component 1 need not be 
solid at temperature T*. Consider the process 
of solidification of component 1, if it is not 
already a solid in its reference state, and then 
of dissolution of component 1 in a sufficiently 
large quantity of the solid solution with AV S) = 
AV S) *. The net entropy change can be written 
for one gram atom of component 1 as the sum 
of the entropy changes of the individual reac¬ 
tions as follows: 

S, M<9> = -AS vl (7'*)-AS n (T*) + S 1 M< *>. (9) 

if component 1 is gaseous, 

S, M|S > = — AS f1 (7'*) + S, M(s,) , (10) 

if component 1 is liquid, 

S,m<»> = S, M<80) , (11) 

if component 1 is solid in its normal reference 
state at temperature T*. In equations (9) to 
(11), S 1 M<8 *»= [5, <9, (7'*)-S 1 « s '(:r*)] and 
S, M<so) = [S, ls> ( T*) — S," <s, (7'* )], represent¬ 
ing the partial molar entropies of mixing of 
component 1. explicitly indicate by the 
superscripts (s») or (so) whether component 
1 is referred to a superheated or normal solid 
state, respectively, in the absence of a tested 
method for calculation of S, M<9 *’ and S I M<90) , 
these terms are omitted and tentative calcula¬ 
tions are made with the approximation equa¬ 
tions 

S I MW, ~ — AS VI (7*)-AS„(7*), (9a) 


if component 1 is gaseous, 


S( mu» = — AS,, (T*), 

(10a) 

if component 1 is liquid, and 


S, Ml9) * 0, 

(Ha) 
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Table 2. Molar entropies of mixing the liquidus composition at the temperature of maximum 

retrograde solubility 

Entropies of mixing, e.u. 


Component and reference state 
I 2 


Ideal 

S, M s 2 m s m 


Experimental (lit.) 

S, M S 2 m S m Ref. 


Ge(s) 

Ag(s) 

6-5 

5-3 

6-2 





Si(s) 

Agll) 

7-5 

3-8 

7-0 





Ge(s) 

Al(l) 

7-3 

1-5 

4-6 





Si(s) 

Al(l) 

8-2 

21 

60 





Co(s) 

Au(l) 

3-4 

1-6 

2-6 





Si(s) 

Aull) 

7-6 

3-4 

6-8 





Ag(s) 

Bill) 

31 

21 

2-7 

3-1 

2-6 

2-9 

83,84 






3-2 

3-3 

3-3 

85 






3 8 

2-8 

3-3 

86 






4-0 

2-3 

3-2t 

88 

Au(s) 

Bill) 

2-5 

4-2 

2-7 

3-2 

4-3 

3-3t 

89 

Te(l) 

Bill) 

1-4 

1-4 

1-4 





Cu(s) 

Bill) 

40 

10 

2-2 

4-7 

1-7 

2-9 

90 






5 0 

1-5 

2-9 

91 






4-5 

1-4 

2-7 

92 






4-6 

1-2 

2-6t 

93 

F,(g) 

Cad) 

[-8-2 

1-9 

-4-4] 





Cu(s) 

cdd) 

3 0 

20 

2-6 

3-1 

2-5 

2-9 

94 






2-8 

1-7 

2-4+ 

95 






2-8 

1-2 

2-2 

96,97 






2-6 

0-3 

1-7 

98 






3-3 

0-0 

2-1 

87 

Te(l) 

Cdlg) 

4-6 

-22-8 

-20 





Ge(s) 

Cd(g) 

7-4 

— 21 6 

-7-1 





Zn(s) 

Cd(s) 

40 

3-7 

3-8 

4-1 

3-7 

3-8 

99 






7-0 

3-5 

5-0 

100 






3-9 

3-6 

3-7 

101 






4-0 

3-7 

3-8T 

102 






4 0 

3-7 

3-8 

103 

Ge(s) 

Cu(s) 

6-4 

5-7 

6-3 





Si(s) 

Cull) 

7-6 

3-2 

6-7 





Si(s) 

Eels) 

7-6 

5-3 

7-2 





Gels) 

Ga(l) 

7-8 

10 

3-7 





Si(s) 

Ga(l) 

8-7 

1-4 

5-1 





Ge(s) 

1 nil) 

7 0 

1-9 

5-0 





Si(s) 

ln(l) 

80 

2-3 

6-2 





Gels) 

Li(l) 

6-3 

4-1 

6-0 





Si(s) 

Li(l) 

8-2 

2-0 

5-9 





Ge(s) 

Ni(s) 

6-3 

5-6 

6-2 





Si(s) 

aig) 

[7-2 

1-9 

7-2] 





Ag(s) 

Pb(l) 

3-2 

2-0 

2-8 

3-3 

1-6 

2-7 

104 






3-0 

1-7 

2-5t 

105 






3-5 

3-1 

3-4 

106 

Auls) 

Pbll) 

2-5 

4-2 

2-7 

2-6 

7-8 

3-3 

107 




- 


2-6 

6-6 

3-Of 

87 

Ge(s) 

Pbd) 

6-9 

21 

5-2 





S,(g) 

Pbll) 

[- 121 

0-9 

-3-7] 





Se(g) 

Pbd) 

- 103 

0-9 

-3-0 





Tell) 

Pbll) 

3-4 

0-4 

0-9 





Pb(l> - 

s«(g) 

20 

- 13 3 

—*—7-6 





Au(s)' 

Sb(s) 

2-7 

8-2 

4-0 

2-7 

8-6 

4-lt 

108 


sbd) 

6-6 

2-8 

5-6 








ENTROPIES OF MIXING OF SOLIDS 


719 


Table 2. ( cont .) 






Entropies of mixing, e.u. 




Ideal 



Experimental (lit.) 


1 

2 

S, M 

S, M 

S M 

S, M 

s* M 

S M 

Ref. 

Si(s) 

Sb(l) 

7-8 

2-8 

6-5 





Al(s) 

Sn(l) 

31 

3-3 

3-1 





Si(s) 

Sn(l) 

151 

00 

0-3 





Cd(g) 

Te 2 (g) 

-21-4 

-8-6 

-14-3 





Co(s) 

Te(l) 

6-0 

0-3 

1-2 





Pb(l) 

Te(l) 

2-3 

0-8 

1-3 





Sn(l) 

Te(l) 

2-3 

0-7 

1-2 





N t(g) 

Thd) 

f-4-3 

0-2 

-0-3] 





P 2 (g) 

Th(l) 

[-8-2 

0-6 

-1-6] 





As 2 (g) 

Th(l) 

[-8-7 

0-8 

-2-3] 





Ag(s) 

Tid) 

4-7 

0-7 

1-9 

(3-5 

II 

1-8) 

109 






5-7 

1-0 

2-4t 

110 

Au(s) 

Tl(l) 

2-7 

2-9 

2-8 

2-8 

4-1 

3-lt 

89 






(2-5 

4-6 

3-0) 

109 

C(s) 

u<!) 

91 

0-3 

1-4 





N*(g) 

ud) 

[-3-9 

0-2 

-0-2] 





P 2 (g) 

U(l) 

[-7-7 

0-4 

-12] 





As 2 (g) 

U(l) 

[-7-7 

0-4 

-1-2] 





S 2 (g) 

urn 

[- 10 3 

0-3 

-12] 





Ge(s) 

Zn(l) 

7-0 

1-8 

4-9 





Si(s) 

Zn(g) 

7-7 

— 20 1 

+ 1-6 






tPublished data as used in calculations. 


if component 1 is solid in its normal state of 
reference at temperature T*. Subsequently, 
the validity of this procedure is tested by 
comparison of the calculated results with 
the available experimental data. 

Values, of S 2 M|S> and S M,S ’ as calculated with 
equations (5) and (6), the data given in Tables 
1 and 2, and the appropriate approximations 
for S, M(S) as given in equations (8) and (9a) 
to (11 a) are listed in Columns 3 to 5 of Table 3. 

DISCUSSION 

Elemental phases 

For comparison, the only pertinent experi¬ 
mental data on the entropies of mixing the 
solid elemental phases seem to be those re¬ 
ported by Thurmond and Struthers[25] and 
Hodgkinsonf26] on the Cu-Ge, Cu-Si, and 
Sb-Ge solutions. Values of S 2 M<8) as calculated 
from their data are listed in Column 6 of Table 
3. Our calculated and the reported S 2 M<8) 
values agree in that they are all strongly 


positive indicating that the described method 
of calculation is profitable. 

In analogy to equations (9) to (11) for com¬ 
ponent 1, the entropy of mixing of component 
2 can be written 

S 2 m< s , = -AS v 2 (T*)-AS^T*) + S 2 m, “\ (12) 
- -AS v2 (T v2 )~AS f2 (7' f2 ) + S 2 M,8 *’,(12a) 
s 2 m,s ' = - a s re ( r *) + s 2 m< “*\ G3) 

~ -AS f2 (7 B ) + S 2 M,9 *\ (13a) 

or 

S 2 m<8) = S 2 m,so) (14) 

if component 2 is, respectively, a gas, liquid, 
or solid in its normal reference state at the 
temperature of T *. The term S^' 9 *’ = [S 2 <8) — 
S 2 * s) ]. is the partial molar entropy of com¬ 
ponent 2 referred to its superheated solid 
state and s 2 M<80> = [S 2 (s) — S^ 8 ’] is the 
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Table 3. Entropies of mixing of the solidus composition at the temperature of 

maximum retrograde solubility 


Entropies of mixing, e.u. 


Calculated Experimental 


Component and reference state 
I 2 


S," 


S, M 


S M 


S M 


Ref. 


Gets) 

Si(s) 

Gets) 


Ag(s) 

Ag(l) 

Aid) 


28 

46 

9-7 


00 


Sits) 

AKI) 

0 

17 

Co(s) 

Auto 

0 

5-9 

Si(s) 

Au(l) 

0 

38 

Ag(s) 

Bit!) 

0 

7-8 

Au(s) 

Bid) 

0 

22 

Cu(s) 

Bid) 

0 

3-7 

Te(l) 

Bid) 

-5-8 

8-7 

F 2 tg) 

Catl) 

[- 10-3 

5-3 

Cuts) 

cdtD 

0 

7-1 

Te(l) 

Cdtg) 

-5-6 

-22-0 


Gets) 

Cdtg) 

0 

-14 

Zn(s) 

Cd(s) 

0 

6-8 

Gets) 

Cuts) 

0 

35 

Sits) 

Cud) 

0 

34 

Si(s) 

Fets) 

0 

42 

Ge(s) 

Gad) 

0 

6-2 

Sits) 

Gatl) 

0 

10 

Gets) 

Inti) 

0 

13 

Sits) 

Inti) 

0 

19 

Gets) 

Lid) 

0 

46 

Sits) 

Li(l) 

0 

16 

Ge(s) 

Ni(s) 

0 

39 

Si(s) 

0 2 (g) 

(0 

1800 

Agts) 

Pb(l) 

0 

7-4 

Auts) 

Pb(l) 

0 

23 

Gets) 

Pbtl) 

0 

15 

S,(g) 

Pbd) 

[-15-1 

2-5 


Se,(g) 

Pbtl) 

— 14-2 

3-0 

Te(l) 

Pb(I) 

-5-7 

2-4 

Pbfl) 

S 2 (g) 

-1-6 

-11 


Abts) 

Sb(s) 

0 

17 

Gets) 

Sb(l) 

0 

23 


01 

01 

00 

0-2 

00 

0-2 

00 

00 

0-3 


-50] 


-110 

113 

0-2 




-13-6 


(-16-5) 

117 



— 16-1 

118 



- 18-0 

119 



— 16 7 

120 



— 17-6 

121 



— 16 7 

122 



-17-5 

133 

0-0 




0-1 




00 

42 


25 


45 


26 

0-0 

27 


25 


00 

00 

00 

00 

00 

00 

00 

00 

01 ] 

0-2 

00 

00 


-6 3] 

(- 10 9) 

123 


-9-0 

124.125 


-9-5 

126 


- 10-3 

127 


-7-1 

128 

-5-6 

-9-0 

129 

-1-7 

-4-5 

117 


-6-3 

130-1.124 

-6-4 

- 10-9 

123 


-9-6 

124.125 


-9-5 

126 


— 10 3 

127 


-9-0 

128 
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Table 3. (corn.) 


Component and reference state 

1 2 


Entropies of mixing, e.u. 


Calculated 


Experimental 

S, M 

s* M 

S M 

S, M S« 

Ref. 

Si(s) 

Sfatl) 

0 

26 

0-0 



Al(s) 

Sn(l) 

0 

17 

0-0 



Si(s) 

Sn(l) 

0 

0-3 

0-0 



Cd(g) 

Te 2 (g) 

-25-2 

-5-5 

—15-3 

— 21 4 

117 






-20-5 

118 






-22-9 

119 






-21-6 

120 






- 22-5 

121 






-21-6 

122 






-22-4 

133 

Cots) 

Ted) 

0 

1-4 

0-9 



Pb(l) 

Ted) 

-1-8 

2-7 

0-5 

-4-5 

117 






-6-0 

130-1.124 

Sn(l) 

Ted) 

-2-4 

2-8 

0-3 

-4-5 

117 






-3-3 

132 

n*(b) 

Th(l) 

[- too 

0-9 

-4-4] 



P,(g) 

Thtl) 

[-11-5 

1-7 

-4-9) 



As.jtg) 

Th(l) 

[- H I 

4-8 

-6-2] 



Ag(s) 

Tl(l) 

(1 

2-7 

0-2 



Au(s) 

rid) 

0 

120 

0-1 



C(s) 

U(l) 

0 

1-7 

0-8 

-1-8 

134 






-0-7 

135 

N,»(g) 

uti) 

(- 100 

0-8 

~ 4-7] 

-10-8 

136-8 

F,(g) 

uti) 

(-11-5 

1-3 

-5-3] 

-10-9 

139 

As.,(g) 

uti) 

1-171 

2-6 

-7-3] 



S 2 (g) 

Uti) 

[-151 

II 

- 7-0] 

— 12 I 

140 

Gets) 

Zntl) 

0 

12 

00 



Sits) 

Zntg) 

0 

7-2 

0-0 

-11-6 

141-2 


analogous quantity with component 2 referred 
to its normal solid state at temperature T*. 
For the elemental phases under consideration, 
these quantities may be written quite generally 
as 

S, M<S *> = — R In X.l" + (Af,' s> ) (15) 

and 

S 2 MtS0) = — | n A7 S) 4- S., K(S, (A'., (5) ). respectively, 

(16) 

where S 2 Klsl (A' 2 ls> ) is the partial molar excess 
entropy of component 2 in crystals of com¬ 
ponent I. The latter quantity is subsequently 
written as S 2 Rs ' without explicit statement of 
the dependence on X./ s) . If AV S| <« J, one has 


practically a limiting value for S/**’ when 
X,,' s) —» 0. This is the quantity denoted as 
cr by Thurmond and Struthers. The quantity 
S 2 E(s) is important in conjunction with con¬ 
siderations of statistical mechanics. This 
has been pointed out by Zener[ll6J. In his 
paper, Zener calculated the quantity S 2 Ks) , 
denoted by him as AS V , from the temperature 
dependence of the solubility of component 2 
in crystals of component 1 coexisting with 
virtually pure crystals of component 2. He 
showed that theoretical considerations for 
13 different cases of dilute solid solutions 
lead to the conclusion that S 2 Hs) is positive. 

By way of comparison with Zener’s results, 
values of S 2 as> were computed with equations 
(15) and (16) from the S 2 Ml8) values listed in 
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Column 4 of Table 3 at X/*’ = X 2 <9) * for the 
elemental phases. Values thus obtained for 
the solutes show no systematic dependence 
on interatomic distances (International 
Crystallographic Tables values) with the 
various solvents such as would be expected 
if the size and vibrational considerations of 
Zener were alone sufficient to account for the 
S 2 b “ ) values. Furthermore, both positive and 
negative S^® 9 * values occur in contrast to the 
exclusively positive values occurring in the 
cases examined by Zener[116]. Thus, in 
general, S 2 ® 9) is a quantity more complex 
than that which occurs in the cases examined 
by Zener and electronic as well as (positive 
or negative) vibrational effects can contribute 
appreciably to S 2 M<f0 of dilute solid solutions. 

Compounds. For comparison with our cal¬ 
culated results, experimental S M(S| values as 
computed from published standard molar en¬ 
tropies of formation are listed in column 7 of 
Table 3. In the single case of PbS, our values 
of — 6-3 e.u. agrees fairly well with the value 
of—71 e.u. as calculated from data reported 
by Colin and Drowart[128j. In all other 
cases, our calculated S M<K> values listed in 
Column 5 are significantly more positive 
than the experimental ones. The differences 
are largest, exceeding at least 4 e.u. for the 
compounds CaF 2 , CdTe, PbTe, UN, UP, 
and US. The differences are too great to be 
attributed to collapse of the assumption of 
ideal entropies of mixing of the liquid ele¬ 
ments. 

Possible sources of error that could give 
rise to the differences are (1) the entropies of 
vaporization of components / at the tempera¬ 
ture 7* above the normal boiling point, AS vl - 
(7*), are greater than the normal entropies of 
vaporization, AS V |(7 vl ), as has been suggested 
by Kubaschewski, Evans, and Alcock,[114] 
(2) errors in the phase diagrams, (3) the terms 
S, M,9,) and S, M(ao) that have been neglected in 
equations (9-11) are appreciable, and (4) 
errors in the accepted entropy values for the 
formatiowr of compounds and/or of phase 
transitiottbf the elements. 


The first possibility could be valid only for 
those cases that 7* > 7 V| , i= 1 and/or 2, viz. 
the cases of the compounds CaF 2 , CdTe, PbS, 
PbSe, UN, UP, and US. Even in these cases, 
this possibility is an unlikely explanation be¬ 
cause the observed differences would require 
that the quantity 


(AS V) ( 7 *) — AS V) ( 7 vl )) 



have a rather large positive value for 7* > 7 V| . 
This quantity is as a rule negative, however, 
because the factor (O n f — C“) is as a rule 
negative with a common value of approxi¬ 
mately -2-3 cal/deg-g atom [114] at tempera¬ 
tures near the normal boiling points. Thus, 
the integral is negative at temperatures 
near the normal boiling points and in order 
to account for the observed differences, a 
reversal in sign with relatively large positive 
values of (O*’ — O^ 1 ) at higher temperatures 
would be required. This seems unlikely. 

Second, the possibility of errors in the 
phase diagram is very real. Uncertainties 
in the 7* values from which the X 2 U) * values 
as listed in Table 1 are deduced from reported 
phase diagrams can contribute appreciably 
to uncertainties in the calculated S M(I) values 
as listed in Table 3. With reasonable assumed 
values for the margins of uncertainty in the' 
7* and the Ay 1 ** values, however, the large 
differences under discussion cannot be 
accounted for in this way. 

Third, in the absence of quantitative data 
on Si M<s,) and S, MlSH) in equations (9-11), 
these terms were omitted in the calculations 
of the molar entropies of mixing of solids. 
Reasonable limitations on signs and extreme 
magnitudes of these terms can be estimated 
for compound phases. The physical basis for 
the terms can be described qualitatively as 
contributions from changes in vibrational, 
free-electron. configurational (lattice defect), 
and. magnetic entropies. In view of the 
apparent order in and the near-stoichiometry 
of the compounds under consideration, 
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changes in configurational entropy will be 
relatively small and may be neglected. The 
major contributions to S, M<S *' or S 1 M<so> arise, 
then, from changes in the physical origins 
which are the same as those leading to the 
term S 2 Ha) in equations (15)and (16), applicable 
to dilute solid solutions. At the elevated 
temperatures of interest, changes in magnetic 
entropies will be negligible and changes in 
only the vibrational and the free-electron 
entropies need be contemplated. Now the 
resultant sum of these contributions must be 
negative in order to account for the observed 
differences. Qualitatively, appreciable negative 
changes in vibrational entropy may be ex¬ 
pected for the formation of the compounds 
under discussion because their melting points 
are considerably greater than those of the 
constituent elements. From the available 
melting points and heat capacities of the solid 
elements and compounds the extreme value 
for the vibrational contribution to the partial 
molar entropies of mixing of the compounds 
is estimated to be no more negative than 
— 6e.u. Negative changes in free-electron 
entropies may, also, be expected at least for 
the ionic and semi-conductor compounds 
that are formed from metallic elements. 
Contributions from free-electrons are esti¬ 
mated by consideration of the extreme model 
in which the compounds contain no free 
electrons (ionic) and are formed from metallic 


constituents that, in the pure elemental state, 
are assumed to be an ideal solution of dis¬ 
tinguishable-valence free electrons (equal in 
nupiber to the number of valence electrons) 
and ion cores. This model should lead to an 
over estimate of the entropy change arising 
from electrons which are in fact indistinguish¬ 
able. For formation of compounds in such a 
model, the entropy change due to changes in 
free-electron concentrations ranges in value 
from —2 e.u. for divalent Cd and Ca to —4e.u. 
for sexvalent U. Talcing the two contribu¬ 
tions additively thep we expect the s, M<s *’ or 
S,m<»o> t erms j n equations (9-11) to be no more 
negative in value than — 10 e.u. 

That the S, M<S *’ and S I M,so) terms are indeed 
negative at the atomic fractions, X t lt} *, and 
temperatures, T*, of interest is evident from 
the experimental standard molar entropies 
of compound formation that are referred to 
the constituent elements both in the solid 
state at 25°, AS/' (25°). Values of S M,S) (25°) 
as calculated from the available AS/ (25°) 
values with the equation 2S M(8> (25°) — 
AS/’ (25°) are listed in Column 2 of Table 4. 
The phases are all monocompounds with 
virtually no range of composition at 25°. 
Neglecting small temperature dependences 
of entropies, the partial molar entropy of 
mixing of component 2 at AY 8 ’ = X 2 iu *, as 
referred to the super-heated solid state of pure 
2, may be written. 


Table 4. Values of S M(S) for some binary compounds at 25° and estimated algebraic lower 
bounds for S 2 M<S, (T*) and upper bounds for S, M<K '(T*) referred to the constituent elements 

all in the solid state 


Formation reaction 

S M(S, (25°). 
e.u. 

Ref. 

Compn. 

2 

I.b. 

S 2 m< ”. e.u. 

u.b. 

S| M,N \ e.u. 

Cd(s) + Te(s)= CdTe(s) 

-0-8 

117 

Teg 

7-0 

-8-6 

Pb(s)+S(s) = PbSts) 


124 

Pb) 

2-8 

— 41 

Pb(s)+Sets) = PbSe(s) 

-0-4 

129 

Pbl 

2-8 

-5-6 

Pb(s)+Tets) = PbTe(s) 


117 

Tel 

66 

-7-8 

Sn(s) + Te(s)= SnTets) 


117 

Tel 

6-5 

-6-6 

U(s)+C(s)= UC(s) 

+ 0-4 

135 

Ul 

2-4 

—1-5 

U(s)+P(s)= UP(s) 

+ 0-6 

139 

Ul 

2-4 

-1-2 

U(s)+ Sts) = USts) 

-0-5 

141 

Ul 

2-4 

— 34 
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V* - AS„(77*) -R ln* 2 <»* 

+ (S 2 <,, (A' 2 < ‘’*) — Sa* l) (A' 2 <l, ’*‘)). (17) 

Inequation (17), the expression in parentheses 
is always positive according to our earlier 
discussion of equation (7). Omission of this 
term then gives the equation of a lower bound 
for S 2 m< ’ ) at the temperature T *, 

> 

l.b.S* M<,) = AS/ 2 (7/ 2 ) -R In AY 1 ’*. (17a) 

Values of l.b.S 2 M<8> as calculated with equation 
(17a) and corresponding algebraic upper 
bounds of S, M<8) , u.b. S, M<8) , are listed in 
Columns 5 and 6, respectively, of Table 4. 
These values are all negative, thus, within 
the described approximation, the available 
standard entropies of formation yield u.b. 
S, Mts) and, a fortiori, S, M,S) values that are 
indeed all negative. 

Values of S I M<!I • , or Sj M(so) as needed to 
bring the calculated (Column 5 of Table 3) 
into agreement with the experimental (Column 
7 of Table 3) S M(S) values were calculated. 
Considerable uncertainty exists in the values 
thus deduced. Positive statements can be 
made only about the largest values of — 150 
for CaF 2 . —100 to —150 for CdTe, —23 for 
PbSe, up to —36 for PbTe, — 18 for UN and 
UP, and —14 e.u. for US. Of these values, 
the extremely large negative values for CaF 2 
and CdTe may be due in part to erroneous T * 
and/or AY"* values as listed in Table 1 lead¬ 
ing to too narrow of solid-liquid two-phase 
regions in the respective phase systems. Even 
allowing for possible errors in the T* and 
AY"* data for the above named compounds, 
all the values are more negative than our 
estimated limiting value of —10 e.u. The 
latter differences are too great to attribute the 
differences between the calculated and experi¬ 
mental S M(S) values to neglect of the S, M<S,> 
and S] M<80) terms in equations (9-11). 

Summarizing the results for the compounds, 
there is considerable uncertainty in the S M(S > 
values calculated as described above with 
equation (6). The principal uncertainty stems 


from the second and third of the four possible 
sources of error as considered above. How¬ 
ever, the differences between the calculated 
and experimental S M<9> values for the com¬ 
pounds CaF 2 , CdTe, PbTe, UN, UP, and US 
seem too great to be attributed to the approxi¬ 
mations in our calculations suggesting that 
there exist errors in the accepted values for 
the entropies of formation of these compounds 
and/or of phase transition of their constituent 
elements. 


Acknowledgement-The author thanks C. Wagner for a 
stimulating written discussion. 
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Abstract-The conductivity of colored KCI crystals was found to be greater than that of uncolored 
crystals over the range from 150° to 550°C. The electronic transport number, determined to be 0-96 
at 400°C, indicates that the increased conductivity was due to ionized F centers. Plots of log <r vs. 
1000/7 were linear, with two different slopes depending on the prior treatment of the sample. If 
gold contacts were evaporated onto freshly cleaved crystals rectification was observed. The rectifica¬ 
tion could be eliminated by either heating the colored crystals for five minutes at temperatures greater 
than approximately 500°C, after applying the contacts, or by sanding the crystals prior to applying the 
contacts. Accompanying the elimination of rectification was a decrease in the conductivity and an 
increase in the activation energy for conduction, from 1-13 to 1 22 eV. Curves of a. at a given tempera¬ 
ture. vs. Vn f were found to be linear. From the above observations and the theory of rectifying 
contacts, the thermal ionization energy for F centers was calculated to be not less than 2-04 eV. 
Comparison of the calculations with experiment lead to the conclusion that the concentration of 
negative-ion vacancies in colored crystals was much less than the equilibrium concentration in un¬ 


colored crystals. 

1. INTRODUCTION 

The mobility of F centers, and the electrical 
conductivity of additively colored alkali halide 
crystals, has received considerable attention 
[1-7]. There remains disagreement, not only 
concerning the interpretation of the tempera¬ 
ture coefficient of conductivity, but also upon 
the source of carriers. 

Mott and Gurney [3] treated the experi¬ 
ments of Smakula[2], assuming that thermal 
ionization provides conduction electrons in a 
concentration small compared to that of 
negative-ion vacancies produced by intrinsic 
disorder, and showed that in the region of 
intrinsic ionic disorder the electronic conduc¬ 
tivity due to F centers should vary approxi¬ 
mately as exp[— (E F —lE s )lkT], where E r is 
the thermal ionization energy of F centers and 
E s is the energy for formation of a pair of 
separated Schottky defects. 

Shamovskii, DuninaandGosteva[4] studied 
the temperature range in which ionic conduc- 


* Supported by the National Science Foundation, 
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tivity was extrinsic. In this range, if the 
negative-ion vacancy concentration is estab¬ 
lished by the Schottky equilibrium, the elec¬ 
tronic conductivity should vary approximately 
as exp[—(Ef — E s )/kT]. Since £> and E s are 
both undoubtedly in the neighborhood of 2 
eV, the expected temperature coefficient of 
conductivity is about zero. These authors, 
however, found a large positive coefficient, 
corresponding to an activation energy of 
1-03 eV and concluded that the conductivity 
varied as exp(— E f -l2kT). This result follows 
from the assumption that the number of con¬ 
duction electrons and number of negative- 
ion vacancies are equal, that is. that all 
negative-ion vacancies are produced by F 
center ionization. It must be noted that, since 
E F ~ £. v , the activation energy E f — {E s =* 
Eft 2, so that the temperature coefficient of 
conductivity alone will not distinguish between 
the assumption of Mott and Gurney and that 
of Shamovskii et al. 

Maycock [7] assumed the electronic conduc¬ 
tivity to vary as exp (—E F lkT), which implies 
a temperature-independent concentration of 
negative-ion vacancies. 
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On the other hand, Jain and Sootha[5, 6] 
interpret the increased conductivity of colored 
crystals as being due to thermionic emission 
from colloidal metal particles. 

The experiments described here were car¬ 
ried out using purified crystals of low extrin¬ 
sic conductivity. In this way, the regions of 
both extrinsic and intrinsic ionic conductivity 
could be investigated using relatively low F 
center concentrations and moderate tempera¬ 
tures. Colloid formation was avoided, so that 
there was no possibility of thermionic emission 
from metal particles. Transport number meas¬ 
urements were made to show whether, in 
fact, the conductivity is due to ionized F cen¬ 
ters. The dependence of conductivity upon 
F center concentration was determined, 
which allows a choice of proper interpretation 
of the temperature coefficient to be made. 

In addition some information upon the 
effects at the electrodes, during d.c. measure¬ 
ments, was obtained which, in conjunction 
with the theory of rectifying contacts, is of 
assistance in interpreting some of the experi¬ 
mental results. 

2. EXPERIMENTAL 

Crystals containing from 13 x 10 ,R F cen¬ 
ters cm" 3 to 2-5 X 10 ,7 F centers cm -3 were 
used. The crystals were grown under an HC1 
and argon atmosphere, by the Kyropoulos 
method, from potassium chloride which had 
been purified by ion exchange. The process of 
purification was similar to that developed by 
Fredericks, Rosztoczy and Hatchett [8]. The 
crystals were additively colored using potas¬ 
sium metal. The F center concentration, n F . 
was found by the use of the Smakula equation 
in the form 

n F — 0-97 x 10 lfl cm -3 

where A F is the absorbance per cm at the 
maximum of the F band at room temperature. 

A stainlesfc steel conductivity cell, having a 
guard ring, to eliminate the effect of surface 
conduction, was used. A purified argon atmos¬ 


phere was maintained in the cell during meas¬ 
urements. 

A Marshall Company furnace, controlled 
to ±0-5°C by a Barber-Coleman series 620 
power controller and a Wheelco model 407 
temperature regulator, was used in heating the 
cell. The temperature was measured by means 
of a chromel-alumel thermocouple, calibrated 
at the steam point of water and the freezing 
points of cadmium and aluminum. Conductiv¬ 
ity measurements were made after the tem¬ 
perature had remained constant for at least 
10 min. This proved sufficient to insure that 
thermal equilibrium had been established. 

The circuit consisted of the conductivity 
cell, a Keithley model 241 regulated d.c. power 
supply and a Keithley model 610A electro¬ 
meter connected in series. All electrical leads 
were of shielded coaxial cable to maintain a 
low noise level. 

The samples were prepared by cleaving the 
colored crystals to dimensions of approxima¬ 
tely 15 x 15 x 1-5 mm 3 after which gold con¬ 
tacts were evaporated onto the surfaces. 
Gold has been found in this laboratory to 
provide stable ohmic electrodes for use with 
uncolored alkali halide crystals and was 
chosen for this reason. As will be seen, a 
correction is necessary for rectification occur¬ 
ring with colored crystals. 

The d.c. conductivity was calculated from 
the measured current density and the applied 
electric field strength. Polarization effects 
were slight and were observed only at low 
temperatures. The final current, after polariza¬ 
tion had reached a maximum was used in 
calculating the conductivity, following the 
argument of Sutter and Noweick[9]. 

3. RESULTS 
3.1 Freshly cleaved samples 

In Fig. 1 log cr has been plotted vs. 1000/T 
for two crystals containing different concen¬ 
trations of F centers and compared with the 
datqjjpr an uncolored crystal. A more complete 
correspondence with theory might be made by 
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plotting log crT~ m (see equation (4)) as ordin¬ 
ate; however, this is hardly warranted because 
of the uncertainty in the temperature coeffi¬ 
cient of the electronic mobility. At lower 
temperatures the curves for the colored crys¬ 
tals are linear, with a slope corresponding to 
an activation energy of 113 eV. In the present 
work it was found that the low-temperature 
conductivity varied considerably between 
two samples of the same crystal; however, the 
high-temperature conductivity was found to 
be reproducible if crystals thicker than about 
1-5 mm were used. 



Fig. 1. The conductivity of additively-colored KC1 
crystals. The contacts were applied to freshly cleaved 
samples. F center concentrations: O— 1-2 x |0' 7 cm 
A — 1-3 x lC'cm" 3 , □ —0. 

3.2 The effect of heating before measurements 
When gold contacts were evaporated onto 
freshly cleaved samples and then the samples 
were heated at approximately 500°C (that 
is, at the upper end of the temperature range 
of measurements on the colored crystals) for 
five minutes, after which they were quenched 
to room temperature, their behavior was 
changed remarkably. After this treatment plots 
of log or vs. 1000/T were reproducible and 


practically linear up to the point of intersec¬ 
tion with the intrinsic curve for uncolored 
crystals. The conductivity at high tempera¬ 
tures was the same as the high-temperature 
conductivity characteristic, of crystals which 
had not been heated and quenched. This be¬ 
havior is shown in Fig. 2 where log er is plot¬ 
ted vs. 1000/T for two crystals containing 
different concentrations of F centers. The 
slope in this case corresponds to an activation 
energy of 1 -22 eV. Also shown for comparison 
is an uncolored crystal. 



Fig. 2. The conductivity of additively-colored KCI 
crystals. After applying the contacts the crystals were 
heat-treated before conductivity measurements were 
made. F center concentrations: O- 1 -8 x 10 17 cm - ’. 

A —4’1 x 10’ 6 cm' 3 , □—0. 

In colored samples, some departure from 
linearity at high temperatures was observed 
if thin crystals were used, or if the heating 
period was extended. This was avoided by 
using crystals of approximately 1-5 mm thick¬ 
ness and limiting the preheating period to 5 
min. Presumably the cause of the nonlin¬ 
earity was diffusion of F centers out of the 
crystals at high temperatures. If thick crystals 
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were used the relative loss in 5 min was 
negligible. 

3.3 The effect of sanding crystal surfaces 
It was found that sanding the crystal sur¬ 
faces with size O Monox polishing paper, 
before evaporating on the gold contacts, had, 
in nearly every case, the same effect as heat¬ 
ing and quenching. Again the low temperature- 
conductivity was decreased until the log cr vs. 
1000/T became an extension of the high- 
temperature conductivity curve exhibited by 
freshly cleaved crystals. It was also found that 
Ohm’s law was accurately obeyed for the 
sanded or heated crystals, whereas rectifica¬ 
tion was observed for the freshly cleaved 
samples. This behavior is shown in Fig. 3 
where we have plotted the current vs. voltage 
for a sanded crystal and for a crystal prepared 
by evaporating gold contacts onto the surfaces 
after sanding one face while leaving the other 
freshly cleaved. 



Fig. 3. The rectifying behavior of contacts applied to 
freshly cleaved samples and the obedience to Ohm's law 
for crystals sanded before applying contacts. O—freshly 
cleaved sample. A — sanded sample. 

3.4 Dependence of a on F center concen¬ 
tration 

Having found that the conductivity of sand¬ 
ed or giftieated crystals, as well as the high- 
tempefshire conductivity of the freshly cleaved 
crystal^ was reproducible, we determined 


the dependence of the conductivity on the F 
center concentration. This dependence is 
exhibited in Fig. 4, where we have plotted the 
total conductivities at 1000 IT = 1-5, for sever¬ 
al crystals containing different concentrations 
of F centers, vs. the square root of the F 
center concentration. The conductivity is seen 
to be proportional to n F il2 to a good degree of 
accuracy. 



Fig. 4. Dependence of conductivity upon the square root 
ol F cenler concentration a I 1000/7" =• 1-5. F center 
concentrations: O-1-3X10 18 , • -3-4X10' 8 , T-41 x 
10'“. A -6-5 x 10' 8 . A-9-5X 10' 8 . □ - I-2 x 10 17 . ■- 1-8 
X !0 17 , V — 0 cm" 3 . 

3.5 Transport measurements 

An experiment was conducted to measure 
the transport number for ionized F centers. 
The procedure was to sandwich a colored 
crystal between two uncolored crystals and 
to place all three in the conductivity cell in the 
usual manner. The cell was then heated to the 
desired temperature and a potential applied 
across the crystals. After a measured length 
of time it was found that the boundary between 
the colored and uncolored regions had moved 
away from the negative electrode. The distance 
that the boundary had moved, denoted d . was 
determined by slicing the uncolored layer from 
the colored crystal and measuring its thickness 
with a micrometer. 

The F center transport number. t F . is the 
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ratio of the charge transported by F centers 
to the total charge transported, or 

, _den F 

' F ~~JT' 

where J is the current density, e is the elec¬ 
tronic charge, and t is the time. For a crystal 
having n F = 9-5 X 10 16 cm -3 , t F at 400°C was 
found to be 0-96. 


4. DISCUSSION 

4.1 Transport numbers 

The transport number for ionized F cen¬ 
ters was sufficiently close to unity to show that 
in these experiments, the conductivity of the 
colored crystals was practically all due to F 
centers. 

The concentration of F centers was too low 
for colloid formation within the temperature 
range of interest; in fact, in the highly purified 
material used, the rate of colloid formation was 
too low to be observed even in the concentra¬ 
tion and temperature range in which colloid 
can be formed rapidly in commercial KC1 
crystalsf 10]. Consequently, we may disregard 
thermionic emission from metal particles as a 
source of carriers in these experiments. 

4.2 Effects of preheating and sanding 

Consider the region in Fig. 1 at 1000/T 5 

1-75 for freshly-cleaved samples. In this region 
conduction occurs between both electrodes by 
an almost completely electronic mechanism. 
The contacts are non-ohmic because the 
crystals are behaving as n-type semiconductors 
with work functions less than the work func¬ 
tion of the gold contacts[11]. At 1000/T = 
1-75 the rate of loss of F centers due to diffu¬ 
sion becomes significant, creating a layer at 
the crystal-electrode interface which is nearly 
void of F centers. Eventually the layer reaches 
the point where its thickness exceeds the mean 
distance that an electron travels between traps. 
At this point the conductivity in the barrier 
layer becomes almost entirely ionic. Such a 


point in Fig. 1 would correspond to 1000/T a. 
1 - 6 . 

For values of 1000/T < 1-6 conduction 
occurs in two parts. Between the electrodes 
and the colored portion of the crystal the 
current is ionic and is carried by migrating 
vacancies. In the colored portion of the crys¬ 
tal the current is carried by electrons. Elec¬ 
tronic conduction through the colored region 
could only be possible if accompanied by a 
movement of the forward and trailing bound¬ 
aries between the two regions. If this were not 
the case there would be a charge build-up at 
these two boundaries. In order for the forward 
boundary to advance the conduction elec¬ 
trons must overcome a potential barrier and 
penetrate the uncolored region of the crystal. 
These electrons only move a relatively short 
distance before becoming trapped at negative- 
ion vacancies, forming new F centers in the 
previously uncolored region. 

Heating the crystals at approximately 500°C 
causes the loss of F centers at the surfaces to 
occur before the measurements are begun and 
hence the conductivity is that exhibited in 
Fig. 2. There is no region where a transition 
from electronic to electronic-plus-ionic con¬ 
ductivity occurs. The contacts are ohmic since 
the evaporated gold is in contact with the un¬ 
colored portion of the crystal. We believe the 
reduced conductivity, at a given temperature, 
and the apparent increase in activation energy, 
arises from the potential barrier for penetra¬ 
tion of the uncolored crystal by electrons. The 
uncolored layers then may be extremely thin, 
which may account for the observed reproduc¬ 
ibility of measurements after the heat treat¬ 
ment. 

Sanding caused the same effect as heating 
since polishing the surfaces before applying 
the contacts generated sufficient heat to cause 
evaporation of F centers at the surfaces. 

4.3 Relation of conductivity to theory 

Let n be the concentration of electrons freed 
by thermal ionization of F centers. For a semi¬ 
conductor with donor concentration n F , with 
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donor ionization energy E F , the concentration 
n of conduction electrons is given by [ 12] 

= ( 2 irm*/tr//i*) 3/J exp (- EjkT) 
n r *= CT 31 * exp (— E F lkT) (1) 

where n„ is the concentration of a centers (that 
is, negative-ion vacancies), m* is the electron 
effective mass, £> is the thermal ionization 
energy for F centers, and the other symbols 
have their usual significance. 

In the region of intrinsic ionic conductivity, 
it is logical to suppose that n a > n, and that n a 
is established by the Schottky equilibrium, so 
that n should be given at equilibrium by 

«= %CT m exp (- As/2k) exp [- (E F - A/i/2)/ 

kT] (2) 

where N is the concentration of anion sites, 
and As and A h are respectively the entropy 
mid enthalpy for formation of a Schottky pair. 
In the region of extrinsic ionic conductivity, 
the equilibrium value of n should be 

n = ~^CP /2 exp (- As Ik) exp [- (£,. - A h)l 

kT] (3) 

where n„ is the concentration of positive-ion 
vacancies established by the presence of 
impurities. 

The conductivity is given in each case by 
a = efin 

where /x and e are the electronic mobility and 
charge, respectively. We assume that n. is 
independent of n F in the temperature range of 
interest, although it is known that at much 
lower temperatures, where the lifetime of F' 
centers is appreciable, the apparent mobility 
varies inversely with n F . If this were the case 
here, a according to equation (3), for example 
would then be independent of n F , and in the 
case of equation (4) to be given later, cr would 
vary inversely as Vn F . 

Equations (2) and (3) fail to represent the 


experimental results. We may calculate from 
(2), for example, the conductivity for a desired 
F-center concentration at any temperature in 
the range for intrinsic ionic conductivity, using 
the measured activation energy of 1T eV for 
(EV-A/i/2), with e\p(— As/2k) =■= 0-07[13], 
/x = 1-5 cm 2 V -1 sec -1 [14], and taking m* as 
the free electron mass, a good approximation 
for alkali halides. At 667°K, the calculated 
value, with n F = 10 17 cm -3 , is cr - 10 _H II -1 
cm -1 , which is more than six orders of mag¬ 
nitude lower than observed. An even lower 
value of jx should probably be used, as the 
value above corresponds to room temperature. 

Further, according to equation (3), the slope 
of the electronic conductivity curves, in the 
region of extrinsic ionic conductivity, should 
be governed by an activation energy E F — Ah. 
Since E F is believed to be somewhat less than 
the optical ionization energy (2-2 eV for F 
centers in KC1) and Ah is 2-3 eV[13], the 
slope should be about zero if the equation 
applies. Clearly the result, both of this experi¬ 
ment and that of Shamovskii et al.[ 4], is in 
disagreement with equation (3). It is possible 
that departure from equilibrium (for example, 
the freezing-in of a centers in excess of the 
equilibrium concentration) may occur at 
sufficiently low temperatures; however, no 
hysteresis effects upon warming or cooling, 
attributable to this cause, were found even at 
the lowest temperatures used (120°C). 

Finally, the equations predict that <r should 
vary with n F , whereas according to Fig. 4 
it varies in fact with Vn F . Some error in the 
curve of Fig. 4 may result from the circum¬ 
stance that sanding or preheating is thought to 
introduce a thin layer of uncolored material 
of higher resistivity than that of the colored 
crystal. The effect of this error is such that if 
the conductivity of the colored portion were 
actually linear with n F , the measured con¬ 
ductivity would appear sublinear. The repro¬ 
ducibility of measurements with several 
samples of the same concentration, and the 
accurate linearity Fig. 4, lead us to believe 
this error is small, however. 
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The linearity of a- with Vn F has not been 
previously demonstrated, although it may be 
seen to hold roughly in the case of the two 
lowest concentrations studied by Shamovskii 
et al. Those authors proposed that the a- 
center concentration characteristic of the host 
crystal is reduced to zero by additive colora¬ 
tion with saturated vapor. The a-center con¬ 
centration after coloration is then only that 
due to ionization, in which case n = n a , and 
equation (1) becomes 

n = n F " l C m 1 w exp (- E F l2kT). (4) 

Again we may calculate the conductivity by 
means of (4), using 1-1 eV for E F I 2 in this 
case. For n F = 10 17 cm -3 at 667°K, cr — 2 X 
10 -9 fl -1 em' 1 , which is within an order of mag¬ 
nitude of the observed value. Equation (4) 
also predicts the observed variation of cr 
with \/n F , as well as the fact that no difference 
in slope of the conductivity curves, between 
the regions of intrinsic and extrinsic ionic 
conductivity, should occur. 

We conclude, then, that the data are best 
represented by equation (4), which implies 
that in additively colored KC1 the concentra¬ 
tion of a centers is not established by the 
Schottky equilibrium, but rather is only that 
produced by the ionization of F centers. 

This surprising result agrees with that of 
Shamovskii Ft al. The reason is unknown. The 
coloration by alkali-metal vapor is apparently 
irreversible with respect to re-establishment of 
an equilibrium number of a centers ; however, 
it is well known that the coloration proceeds 
reversibly with respect to the pressure of 
alkali-metal vapor[15]. Shamovskii et al. con¬ 
tend that high-temperature disorder in KC1 is 
predominantly of the Frenkel type and that 
negative-ion vacancies are irreversibly des¬ 
troyed by coloration; this contention appears 
to us to be inconsistent with the available 
evidence upon ionic transport in alkali 
halides [13]. 

4.4 Thermal ionization energy of F centers 

To obtain E F from the low-temperature 


slopes of curves such as those of Fig. 1 it 
was necessary first to correct for the effect of 
the non-ohmic contacts. For applied voltage 
large compared to elkT,' 11 equations given by 
Dekker[16] for current in tne ‘reverse’ direc¬ 
tion at a semiconductor-metal rectifying con¬ 
tact reduce to 

J = \jx.en{V 0 + V)lx 0 ] exp (-eV 0 /kT) 

where V is the applied potential difference 
across the contact, x 0 and V a are the thickness 
and heights respectively of the potential 
barrier resulting from loss of electrons from 
the semiconductor to the metal, and n is the 
concentration of conduction electrons in the 
bulk of the semiconductor. By extrapolation 
of the linear portion of the curve through the 
circles of Fig. 3, V 0 is found to be +0-11 V. 
Since n varies as exp (— E F j2kT), it is clear 
that the conductivity across the contact varies 
as exp [— (eV 0 + E F /2)lkT]. Depending upon 
the resistance of the contact relative to the 
body of the crystal, the observed activation 
energy should be corrected by subtracting 
between 0 0 and O il eV. If we use the maxi¬ 
mum correction this gives iE F — 113 — 011 = 
102eV, which compares favorably with the 
activation energy, 103 eV, reported by 
Shamovskii et al. [4], and 1-00 eV reported by 
Smakula[2]. This yields the ionization energy, 
E r = 2-04 eV. 

4.5 Comparison with experiments of Jain et al. 

Quantitative comparison with the published 
results of Jain and Sootha[5,6] is difficult 
since their data is presented in the form of 
ratios of a>/o-„, where cr c is the conductivity 
of the colored crystal and a„ is that of the un¬ 
colored crystal. The values of tr„ are not re¬ 
ported explicitly and can only be inferred from 
the stated purity. The contribution to the con¬ 
ductivity due to color centers is <r c —<r n , so 
that we see no physical significance in the 
ratios, and in fact the use of ratios may obscure 
the information sought because of the depen¬ 
dence of cr n on temperature. 
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Those authors [6] find no increase in conduc¬ 
tivity, due to coloration, below 250°C. This 
we believe due to high extrinsic ionic conduc¬ 
tivity of their uncolored materials. The purest 
crystals used, judging from the conductivity 
of the uncolored material, were stated to con¬ 
tain < 10~ 8 mole fraction of divalent ion im¬ 
purities. At 250°C, 10 -8 mole fraction of 
divalent ions, estimating from the data of 
Kelting and Witt [17], impart to KC1 a conduc¬ 
tivity of the order of 10 -l<) ft _, cm -1 . This is 
comparable to the excess electronic conduc¬ 
tivity which we observe; at lower tempera¬ 
tures the extrinsic ionic conductivity would 
clearly predominate. 

In a recent paper, Jain and Jain[18], using 
highly pure KBr, have reported electronic 
conductivity due to additive coloration, at 
temperatures above 100°C; a maximum in 
ar c la„ occurs at about 180°C. 

Jain and coworkers rule out conduction due 
to F center ionization because (a) the ratio 
< T c lcr n remains unity until the temperature 
exceeds about 300°C in KC1 where F centers 
are known to form colloids rapidly at sufficien¬ 
tly high n F in impure crystals, (b) the ratio 
falls again above about 450° as colloids be¬ 
come unstable with respect to F centers, (c) 
the ratio in KBr at 180°C is sublinear with n F , 
and (d) measurements of the mobility of F 
centers in KBr at high temperature by 
Smakula[2], extrapolated to 180°C, show that 
ionized F center conduction would not be 
appreciable’. 

We believe that (a) the ratio <t c I<t„ remains 
unity below 300°C in their experiments be¬ 
cause of the high extrinsic ionic conductivity 
of the KC1 crystals used, (b) the fall in the 
ratio above 450°C may be in large degree due 
to surface bleaching near the electrodes and to 
the change of slope of the log <r n vs. T~' 
curve, and that (c) the sublinearity of crJ<T n 
with n F in KBr, although not accurately deter¬ 
mined, may in fact be due to the proportion¬ 
ality we have found between cr and Vn F . 
While the extrapolation of Smakula’s data is 
unreliable when carried out over such an ex¬ 


treme temperature range, we find, by extra¬ 
polation to 180°C and taking n F = 10 17 cm -3 , 
that cr for KC1 is of the order of 10“" and for 
KBr, 10"® ft -1 cm -1 . The first of these agrees 
well with our observation; the second is 
surely appreciable compared to the ionic 
conductivity of KBr of the purity stated by 
Jain and Jain, which we estimate from the data 
of Grundig[19] to be of the order of 10~ 13 fi -1 
cm -1 . 

We do not exclude the possibility that a 
significant proportion of the currents observed 
by Jain and coworkers were in fact due to 
thermionic emission from colloids, although it 
is quite clear that the data of Fig. 1 yield peaks 
in the curve of crjcr n similar to those of Jain 
and Sootha, due both to the evaporation of F 
centers from the surface of the crystal and to 
the transition from extrinsic to intrinsic ionic 
conduction in the uncolored crystal, even 
though no colloidal centers are present. In 
fact, when such curves were constructed us¬ 
ing our data, a curve of log n F vs. 1000/J', 
where T is the temperature of the maximum, 
formed an extension of the curve in Fig. 3 
of reference [5]. Further, the analysis of Jain 
and Sootha[5] led to a value for the enthalpy 
of formation of colloid from F centers more 
than twice that found by direct study of the 
temperature-variation of equilibrium F- 
center concentration [ 10], 
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Abstract— Infra-red absorption bands have been measured in the range 1 -25 /tm for a large number of 
silicon samples containing oxygen and carbon impurities after various doses of irradiation at room 
temperature by 2 MeV electrons. Measurements have been made of the removal rates of oxygen and 
carbon from normal unperturbed interstitial and substitutional sites respectively, and similar results 
are presented for the growth of the /4-centre and divacancy bands. The presence of oxygen increases 
the carbon removal rate as defined above and likewise the presence of carbon increases the removal 
rate for oxygen and leads to a large increase in the rate of formation of divacancies. It is concluded 
that carbon traps interstitial silicon atoms and is then itself ejected into interstitial sites in the manner 
previously found for group 111 impurities. The interstitial carbon appears to be mobile at room 
temperature and a large number of new vibrational bands have been observed. Several new bands 
thought to be of electronic origin and involving carbon atoms have also been detected. 


1. INTRODUCTION 

It is now well known that when silicon is 
irradiated with electrons in the energy range 
1-5-2 MeV, a large variety of defects are 
produced depending upon the temperature of 
the irradiation and the nature of the impurities 
which may be present[l, 2], From these 
results, a general pattern of the damage 
process has emerged. The primary defects 
are vacancies and interstitials which may 
either remain as close pairs, recombine or 
dissociate. In the latter situation the vacancies 
and intrinsic interstitials, which are both 
mobile at low temperatures, then migrate 
until they are trapped by a crystal defect such 
as an impurity atom. The resulting centres 
which have been identified so far include the 
single vacancy V [1 J, the divacancy [V-V] 
[3-6] and vacancies paired with various 
impurities namely [V-P][7], [V-As][8], 

[V-Sb] [8], [V-Al] [9] and [V-O][10, 11]. 
When a silicon interstitial is trapped by an 
impurity, it appears that the impurity is ejected 
into an interstitial site and the silicon atom 
returns to a normal substitutional site. The 
resulting interstitial impurity atom may itself 
become mobile only at a much higher tempera¬ 
ture, in the range 0°-300°C, as inferred from 


observations of ion pairing[l, 2]. So far, this 
type of reaction has only been definitely 
established for Al and Ga impurities which 
act as donors when they occupy interstitial 
sites; there is also less direct evidence for 
similar effects with B impurities[ 1,12]. Thus it 
appears that Group III acceptors may act as 
traps for either primary vacancies or silicon 
interstitials, whereas Group V impurities 
have only been observed to trap vacancies. 

Most of these positive identifications have 
been obtained by the EPR technique, although 
the divacancy has associated electronic 
transitions which have been correlated with 
the EPR results [6]. A correlation of EPR data 
has also been made with the infra-red local 
mode absorption band of the [V-O] centre 
[10,11], The vibrational frequency of this 
band is sensitive to isotope substitution, and 
this fact, together with other properties of 
such optical absorption lines, can lead to 
a determination of further microscopic 
properties of defect centres in favourable 
cases. For non-paramagnetic centres this may 
be the only technique available for their 
examination. As a specific example, this 
method has allowed measurements to be 
made of the rate of removal of oxygen atoms 
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from their normal isolated interstitial sites 
as a result of irradiation treatments [13]. 

In this paper, the effect of electron irradia¬ 
tion on silicon containing carbon impurities 
will be examined. Carbon, like oxygen, is a 
light impurity which gives rise to a localized 
mode of vibration and is frequently present 
in nominally pure crystals grown by either 
the floating zone or Czochralski techniques 
[14-21], 

Carbon is however different from oxygen 
since various measurements have indicated 
that it occupies substitutional sites [15, 17,21]. 
Hence the question arises as to whether it 
behaves like an acceptor impurity and is 
capable of trapping both intrinsic interstitials 
and vacancies, or whether it behaves like a 
Group V impurity and can only trap vacancies. 
Previously, it was shown that a room tempera¬ 
ture irradiation led to a reduction in the con¬ 
centration of carbon atoms which occupy 
unperturbed lattice sites since the strength of 
the corresponding localized mode absorption 
was reduced as a result of this treatment. 
It is now clear that the interpretation of this 
observation, taken in isolation, is ambiguous 
since either of the above possibilities could 
be operative. 

It has also been shown by the local mode 
technique that when carbon and oxygen are 
simultaneously present in a crystal, a fraction 
of the impurities form close pairs, probably of 
two distinct types[19,20]. It was suggested 
that the carbon atom occupied either a second 
or third neighbour substitutional site from the 
interstitial oxygen in these centres although 
the arrangements were not determined 
unambiguously. What is important in the 
context of the present work is that pairing 
has been shown to occur and so it seems 
reasonable that other types of carbon-oxygen 
complexes may form as a result of irradiation 
treatments. There have in fact been some 
recent measurements to support these ideas; 
absorption bands observed at 922 and 
932 cm -1 after a low temperature irradiation 
m ere ascribed to vibrations of carbon-oxygen 


defect centres which were however unstable 
at room temperature [13]. 

The present work will be concerned solely 
with room temperature irradiations and will 
involve quantitative measurements of the 
rates of removal of carbon and oxygen from 
their normal unperturbed sites. Quantitative 
measurements will also be given of the rates 
of growth of previously reported irradiation 
damage bands. In addition, a very large 
number of new bands of vibrational origin 
have been observed, together with several new 
electronic transitions. Examination of a large 
number of samples has allowed these bands 
to be classified in a general sense but because 
of the complexity of the results, no serious 
attempt has been made at this stage to identify 
the microscopic properties of any of the 
centres formed. 

2. EXPERIMENTAL 

The single crystals used in this investigation 
were all high resistivity p-type, grown by 
either a melt-back technique (oxygen free) 
or by the Czochralski technique (oxygen 
content about 2 x 10 18 atom cm' 3 ) [ 19, 20]. 
The former crystals contained natural carbon 
(11% 13 C), while the pulled samples contained 
either natural carbon or a mixture of 12 C and 
13 C in approximately equal concentrations. 
The carbon content of the samples was 
determined by room temperature measure¬ 
ments of either the fundamental (16-5 /u.m) 
or second harmonic local mode transitions 
used in conjunction with the previously 
established calibrations which are all in very 
close agreement [19-21]. Similarly, the 
concentration of oxygen in normal isolated 
interstitial sites was determined by measure¬ 
ments of the 9nm band at 77°K[13]. In order 
to do this, a correspondence between the 
absorption at 290° and 77°K had first to be 
established in a carbon-free crystal. This 
was necessary because in samples containing 
a high concentration of carbon there is 
significant absorption due to [C-O] pairs in 
the same spectral region [20], and it will be 
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shown in a later section that other new bands 
are produced in this same region as a result 
of the electron irradiation treatment given 
to the samples; at room temperature these 
various bands are not resolved, it has now 
been shown by an analysis of lithium diffusion 
experiments[22,23] and direct radiochemical 
methods [24,25] that the original calibration 
of the 9/xm band [26] is almost certainly in 
error by a factor of two. That is, for a given 
integrated absorption in the band the amount 
of oxygen actually present in the samples is 
twice as great as has been previously assumed; 
a survey of these results has now been given 
by Pajot [27]. The quoted concentrations of 
oxygen in the present samples therefore relate 
to this modified calibration and it follows that 
all oxygen contents quoted in our previous 
publications should be doubled [19, 20], 

Most of the infra-red measurements were 
carried out at 77°K with the sample clamped 
to a cold finger of a liquid nitrogen cryostat. 
The differential technique was employed 
extensively with a similarly mounted sample 
of high purity prepared by the floating-zone 
technique and of the same thickness in the 
reference beam of a double beam grating 
spectrometer[20J. This allowed weak bands 
with absorption coefficients of the order of 
0 04 cm -1 to be detected. Such a spectrum 
of the relative transmission of an as-grown 
Czochralski sample is shown in Fig. 1, where 
the lines X, Y, Z. A and B are due to the 
previously reported [C-O] pairs[20], The 
method of determining the absorption 
coefficient of bands in such experiments has 
been given elsewhere [20]. 

Measurements of the absorption due to 
divacancies were made in the same way. 
Since in our spectrometer arrangement, white 
light falls on the sample, bands at 1-8 /am 
(1-69/am 80°K) and 3-6/am were observed 
simultaneously [6] although the band at 3 -6 /am 
could be eliminated by placing a germanium 
filter in front of the light source. The con¬ 
centration of divacancies present was 
estimated from the previously established 



Fig. I. Relative transmission at 80°K of an as-grown sample 
containing 2x 10'" oxygen/cm 3 and 10'" atom/cm 3 each 
of l2 C and ,3 C vs undoped floating zone crystal. Lines 
A.B.X.Y and Z are due to C-O pairs, the vertical dashed 
line indicates the position of the Raman frequency. 

correlation of the introduction rate for these 
centres determined from simultaneous infra¬ 
red and EPR measurements [6], although there 
appears to be some ambiguity about the 
temperature at which the former were carried 
out. These results led to an oscillator strength 
of /=005 for the 1-8/u,m band which will 
be used in the present work; it has now been 
shown that the integrated absorption in this 
band does not change significantly between 
300° and 77°K. The above value was deter¬ 
mined on the assumption that there was no 
local field correction and consequently a 
similar assumption is made now; it then 
follows that the two sets of measurements 
are at least self-consistent. 

A few infra-red measurements were also 
made using a non-differential technique with 
the sample cooled to liquid helium tempera¬ 
ture. Electron irradiations were carried out 
at 2 MeV using the Reading Van de Graaff 
accelerator with current densities in the region 
of 15 fi A/cm 2 . The samples were mounted on 
a thin aluminium window in a brass cell, 
through which water was passed to maintain 
a sample temperature less than about 40°C. 
To ensure that damage was nearly uniform 
throughout the 2 mm thick specimens, each 
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sample was irradiated equally on both sides; 
all doses referred to below are for the 
integrated flux on one side only. 

Half-hour isochronal anneals were carried 
out up to 500°C in air, the samples being placed 
in unsealed silica tubes and quenched into 
ethanediol. Anneal temperatures were 
measured and maintained to ±3°C. 

3. RESULTS FOR REMOVAL AND PRODUCTION 
OF KNOWN CENTRES 

3.1 Removal rates of oxygen and carbon 
The concentrations of both oxygen and 
carbon remaining in normal unperturbed 
interstitial and substitutional sites respec¬ 
tively both decreased with increasing doses 
of irradiation as shown in Fig. 2 for two 



Fig. 2. The removal of oxygen and carbon from unper¬ 
turbed lattice sites as a function of irradiation dose. 
Dashed lines for a sample containing 2 x 10' 8 oxygen 
atoms/cm 8 and 1-3 x 10 17 carbon atoms/cm 3 , continuous 
curves for a sample containing 2 x 10'" cm -3 of both oxy¬ 
gen and carbon. Experimental points for oxygen are 
indicated by circles and for carbon by vertical dashes. 

samples with very different carbon concen¬ 
trations. The decrease in the 9 pirn band is 
of course now well known[13], while the 
result for carbon verifies our earlier observa¬ 
tions!^]. In samples containing a low carbon 
concentration (the lowest was less than 
10 17 cm -3 ), the oxygen removal rate was very 
small and saturation occurred at about the 
same integrated flux as that which effectively 
removed all the carbon from normal sites. 


For the low-carbon sample shown in Fig. 2, 
this dose was about 2 x 10 18 electrons cm - * 
which removed about 1-3 x 10 17 carbon atom 
cm -3 and 2-4 x 10 17 oxygen atom cm -8 . When 
the carbon content was higher, saturation 
effects were hardly noticeable and there was 
still a high removal rate of both oxygen and 
carbon even when the total dose had reached 
5xl0 18 cm -2 . At this dose, about 10 18 
carbon atoms cm -3 had been removed and 
the corresponding concentration for oxygen 
was T2 x 10 18 cm -3 . It is clear from these 
results that the impurity removal rate is very 
sensitive to the concentration of impurities 
present, the highest rates being about 0-2 atom 
cm -3 per electron cm -2 for both oxygen and 
carbon, with a slightly higher rate for oxygen 
than carbon in all cases. It is concluded that 
the presence of carbon has a drastic effect 
on the removal rate of oxygen as summarized 
in Fig. 3. 



Fig. 3. Fraction of carbon (continuous curve) and oxygen 
(dashed curve) impurities removed by a total dose of 
5x 10 18 electrons cm -7 for samples containing 2XI0 18 
oxygen atoms/cm 3 and various carbon contents. The 
diamond indicates the result for carbon removal in an 
oxygen free sample. 

Unfortunately, the removal rate of carbon 
as a function of oxygen content could not be 
determined as crystals with a constant carbon 
concentration and variable oxygen contents 
were not available. However, in the ‘oxygen- 
free’ samples the carbon removal rate was 
very small, corresponding to about 10 per cent 
of an initial concentration of 4 x 10 17 cm -3 after 
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a total dose of 5 x 10 18 electrons cm -2 . This 
result in itself is therefore valuable since it 
implies that the removal rate of carbon is 
dependent on the concentration of oxygen 
present. 

Before proceeding with a description of the 
damage bands produced by these treatments, 
it will be helpful to consider briefly the impli¬ 
cations of these results. As stated in Section 1, 
it is now well known that isolated interstitial 
oxygen centres present in as-grown crystals 
are very efficient traps for mobile vacancies. 
For example, it has been demonstrated that 
the presence of oxygen can even inhibit the 
formation of [V-Al] [9] and [V-P][7] centres. 
Hence if carbon were being removed from 
normal substitutional sites predominantly as 
a result of the formation of [V-C] centres, 
then the rate of formation of this centre should 
decrease when oxygen is present and likewise 
the removal rate of oxygen should decrease 
when carbon was present. In fact, the observa¬ 
tions are just the opposite of this. This is 
explicable if carbon atoms act predominantly 
as traps for mobile silicon interstitials and are 
themselves ejected into interstitial sites [1]. 
It then follows that the rate of recombination 
of intrinsic silicon interstitials with vacancies 
would be reduced and the rate of formation 
of centres involving trapped vacancies should 
be enhanced. In the next section, results will 
therefore be given for the rate of formation of 
the known [V-O] and [V-V] centres in these 
same crystals. 

It should be pointed out at this stage that it 
is not implied that no [V-C] centres form, 
since it is reasonable to expect this defect to 
be produced in the absence of oxygen or 
when the concentration of carbon is of the 
same order as that of oxygen. In fact, there 
is some evidence that such centres may be 
produced (Section 4). 

To complete this section it should be noted 
that the irradiation appeared to have no 
appreciable effect on the strength of the 
vibrational bands previously ascribed to 
carbon-oxygen pairs [20] present in as-grown 


material (bands X, Y, Z, A and B in Fig. 1). 
This result is rather surprising since it implies 
that such centres either do not act as traps 
for vacancies or interstitials or they are 
equally effective traps for both types of defect 
in all of the samples examined. This result 
is in agreement with the observations of 
previous irradiations carried out at low 
temperatures [13]. 

3.2 Growth of damage bands 
3.2.1 The A-centre [V-O]. Spectra in the 
region of 8-13 /tm of two samples containing 
high and low carbon concentrations respec¬ 
tively after an electron dose of 5 x 10 18 cm -2 
are shown in Fig. 4. The strongest line in 
this region produced by the irradiation is 
that due to the [V-O] centre at I2^m. The 
absorption in this band was measured as a 
function of dose for two samples, as in Fig. 2, 
and the results are shown in Fig. 5. The most 
striking feature is that the introduction rate 
for this centre is not greatly different, indi¬ 
cating that the number of vacancies trapped 
by isolated oxygen atoms is little affected by 
the presence of carbon; this is again in agree¬ 
ment with previous results [13J. In fact, the 
initial introduction rate is higher in the absence 
of carbon, although the concentration of these 



Fig. 4. Relative transmission at 80° of two samples con¬ 
taining 2 x 10 18 oxygen atoms/cm s after an electron dose 
of 5 x 10 8 cm -8 vs. undoped floating zone crystal. Dashed 
trace for sample with less than 10 17 carbon atoms/cm 8 ; 
continous trace for sample with 2 x 10‘ 8 carbon atoms/cm 3 . 
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Fig. 5. Peak absorption coefficient at 80°K of 1156/im 
(curves a and b) and 11-98/im (curves c, d) bands as a 
function of irradiation dose. Dashed and continuous 
curves for samples containing l^xlO" and 2x10'* 
cm -3 of carbon respectively; both samples contained 
2x I0 ,s oxygen atoms/cm 3 . 

centres tends to saturate at a dose of about 
5 x 10 1H cm -2 , when the concentrations are 
approximately equal in all samples examined. 
From the known correlation of this band with 
EPR data[10, 111, the maximum absorption 
observed corresponds to about 3-5 X10' 7 
centres cm -3 , with an estimated accuracy 
of a factor of two[11]. In the sample con¬ 
taining less than 10 17 atom cm* 3 of carbon 
the loss of oxygen from normal sites, as 
measured by the 9/im band, was estimated 
to be about 2-2 x 10 ,7 cm* 3 : these values 
are therefore not inconsistent. An extra¬ 
polation of the curve of Fig. 3 to zero carbon 
content would lead to an expected reduction 
in the strength of the integrated absorption of 
the 9/am oxygen band, of about 12 cm* 2 . 
(about r > per cent) whereas the corresponding 
growth of the integrated absorption in the A- 
band would be about 22 cm* 2 . This difference 
implies that the apparent charge [28-30] may 
not be the same for the two oxygen configura¬ 
tions. Since the numbers of/l-centres produced 
is virtually independent of carbon concentra¬ 
tion, it is clear that these results do not 
provide an explanation of the fate of vacancies 
produced by irradiation of the samples 
containing high carbon concentrations. 


3.2.2 The divacancy (1-8 fim) Band. The 
growth of the 1 -8 /um band due to divacancies, 
as a function of fluence, is shown in Fig. 6 
for the same two samples as above. In the 
high carbon sample the growth remains 
linear up to the maximum dose given of 
5xi0 18 electrons cm -2 ; at this dose the 
absorption corresponds to a concentration 



Fig. 6 . Peak absorption coefficient at 80°K of 1-69 /am 
divacancy band (curves b and c) and 2-54 band (curve 
a) as function of irradiation dose for the same samples 
as in Fig. 5. 

of about 4 X 10' 7 centres cm” 3 [6]. The number 
of vacancies involved is thus 8x]0 17 cirr 3 , 
while the number paired with oxygen is about 
2-5 x 10’ 7 cm* 3 , giving a total vacancy, 
concentration observed optically of about 
10 ,8 cm” 3 . It is important to note that this 
corresponds closely with the loss of carbon 
from isolated substitutional sites of about 
9-10 17 atoms cm* 3 in the same sample; a 
comparison of Figs. 3 and 7 shows this to be 
approximately true for all samples. This 
result then further indicates that carbon 
is e ected into interstitial sites by the ir¬ 
radiation, since the number of interstitials 
would be expected to equal the number of 
observed vacancies. It follows that a lower 
production rate for divacancies should 
occur in the samples of low carbon doping, 
where the carbon removal is lower. This 
is indeed the case as seen in Fig. 6. In this 
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sample the production of divacancies tends 
to saturate at a dose of about 2 x 10 18 elec¬ 
trons cm - *, which corresponds to the fluence 
at which effectively all the carbon has 
been removed from normal substitutional 
sites (Fig. 2). The resulting divacancy 
concentration as a function of carbon content 
after a dose of 5 x 10 18 electrons cm -2 is 
shown in Fig. 7. This shows an almost linear 
variation but the line does not pass through 
the origin. This implies that divacancies can 
be produced in the absence of carbon but 
with a much reduced introduction rate; this 
reduction in ‘pure’ samples is now well 
known [6,31]. 



Fig. 7. Peak absorption coefficient of 1'69/am (vertical 
dashes) and 2-54 /xm (circles) bands produced in various 
samples with differing carbon contents after a total ir¬ 
radiation dose of 5 x 10'* electrons cm -2 . All samples 
contained oxygen except two where the results are in¬ 
dicated by a diamond and a cross; the 2-54 ftm band was 
not detected in the latter samples. (N.B. a peak absorp¬ 
tion coefficient of the l-69p,m band of 2 cm -1 corresponds 
to 10 17 cnr 3 of divacancy centres). 

3.3 Overall model of processes 
These results for removal and production 
rates lead to a very ‘simple’ overall picture 
of the damage process. The primary silicon 
interstitials are assumed to be trapped very 
efficiently by substitutional carbon atoms 
provided they do not recombine first with 
primary vacancies or divacancies as would 
appear to be the case in ‘oxygen-free’ material. 
When oxygen atoms are present, they trap 
vacancies and somehow this leads to a higher 


production rate for di vacancies, as has been 
noted previously [31]. Thus the simultaneous 
presence of the two impurities acts so as to 
separate the two intrin^ defects and inhibit 
their mutual annihilation. These results are in 
themselves quantitative, but leave unanswered 
at this stage the question of the fate of the 
interstitial carbon atoms. The fact that 
oxygen is lost from normal interstitial sites 
at almost the same rate as carbon from 
substitutional sites strongly suggests that 
interstitial carbon atoms are mobile under the 
conditions of the irradiation and that they 
then form complexes with interstitial oxygen 
atoms. It is therefore expected that a series 
of new absorption bands should be produced 
corresponding to this type of centre which 
could clearly have many modifications. 
Various new bands have in fact been observed 
in these samples and will be discussed in more 
detail below. 

4. OTHER DAMAGE BANDS 
Damage bands formed in the ‘oxygen-free’ 
sample will be discussed first since these 
might be expected to be relatively simple. 
The bands observed were of two types: 
(a) A series of peaks in the regions between 
13-6 and 14-2 pm, and between 18-1 and 
189/am which appeared to be vibrational in 
origin, and (b) structure at 1-28 jam, the 
strength of which decreased with increasing 
temperature of observation, and is therefore 
thought to be due to electronic transitions of a 
defect centre (Fig. 8). The latter centre was 
only observed in ‘oxygen-free’ samples or 
in crystals where the carbon content was of 
the order of 10 18 cm" 3 . It therefore seems 
possible that it may be due to electronic 
transitions of a [V-C] centre, although this 
assignment is obviously very tentative. The 
vibrational bands were also observed with 
greater intensity in the pulled crystals which 
in general contained a higher carbon content. 
In samples of this latter type containing 12 C 
and 13 C, there was slight broadening of the 
structure at 14-0 pm towards lower energies 




746 


A. R. BEAN et al. 



Fig. 8. Relative transmission at 80°K of the irradiated 
samples shown in Fig. 4. Band a at 1-28 fi m, c at 2-54 /im, 
and b and d due to divacancies. 


together with some other small changes in 
the form of the absorption (Fig. 9). No clear 
isotope effects were observed and it was 
therefore concluded that the bands in both 
the 14 and 18-5/xm regions arose from 
clusters of atoms rather than single atoms or 
pairs (see Section 5). 

In the samples containing oxygen, another 
new band thought to be of electronic origin 
was observed at 2-54 /xm. The growth of this 
band as a function of dose is shown in Fig. 6 
for the high-carbon sample. The introduction 



Fig. 9. Relative transmission at 80°K for the samples 
showtj in Figs. 4 and 8, showing structure produced in 
fpp the 14 pm and 18-5 pm regions. 


rate is initially rather small but becomes 
greater at larger doses; the reason for this 
behaviour is not understood. The strength 
of this band after a total dose of 5 x 10 18 
electrons cm -2 is shown in Fig. 7 and it is seen 
that it increases with increasing carbon 
content of the sample, and that the line passes 
through the origin whereas that of the 
divacancy centre does not. It would seem that 
this centre involves both oxygen and carbon 
and possibly another defect, but again it would 
be dangerous to ascribe any definite model at 
this stage. The annealing behaviour of this 
band was unusual in that it showed a very 
marked increase in strength after the sample 
had been heated at temperatures below 200°C, 
whereas after a higher temperature anneal it 
rapidly vanished; no vibrational bands which 
could be correlated with this electronic band 
have been found (details of the positions, 
annealing behaviour, strengths and tentative 
assignments of all bands observed are given 
in Tables I and 2). Annealing the irradiated 
samples in the region of 200°C also produced 
several other new sharp bands which appeared 
to be electronic in origin. Those in the region 
of 3-2 /xm were found only in those samples 
which originally exhibited the 1-28/xm band, 
while the 4-03 /xm band was detected only in 
those samples which contained both oxygen 
and carbon; the strength of this latter bandL 
also appeared to correlate with the concen¬ 
tration of carbon present. A band at 6-5 /xm 
was only observed in one sample of high 
carbon content. 

A great many bands of vibrational origin 
were observed in the samples containing both 
carbon and oxygen, some of which have 
already been mentioned in connection with 
Fig. 9. Many of these bands were very weak 
and consequently no details will be given 
except for the data in Table 2. Between 9/xm 
and 12/xm, a number of sharp absorption 
lines all much weaker than that due to the 
[V-O] centre were found in samples con¬ 
tacting a low concentration of carbon [32]. 
The intensities of these bands increased fairly 
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Table 1. Electronic bands 


Wavelength 

Otm) 

Wave no. 
(vacuum) 
(cm’ 1 ) 

Anneal type, 
temperature 

CC) 

Maximum peak 
intensity, 

(cur 1 ) 

Interpretation 

>4 

References 

1-262 

7923 

i 220 

0-5 1 


C-V ? 


1-284 

7787 


2-7 ; 



, 

1-689 

5918 

i 250 

8-3 




3-306 

3024 


0-3 




3-464 

2886 


0-8 


V 2 

[3,4] 

3-614 

2766 


1-2 




2-467 

4053 

iii 160, 220 

0-7 

1 



2-541 

3935 


3-3 

f 

o,c 


3-072 

3249 

iii 180, 260 

0-1 ] 




3-153 

3170 


0-2 


c. 


3-211 

3108 


0-1 




4-029 

2481 

iii 180, 360 

0-8 


c,o 


6-520 

1530 

iii 180 340 

0-9 


C,0 



Anneal types; (i) band anneals out at T°C without prior growth (ii) band grows on heating 
' at T°C, and is stable at 500°C (iii) band grows on heating at V[C, and disappears at about T'JC 


uniformly for a fixed dose of irradiation with 
increasing carbon concentration, provided 
this was less than about 5xl0 17 cm -3 . With 
higher carbon contents, these bands were 
weaker again but numerous other weak bands 
then appeared in the same region of the 
spectrum. Further discussion will therefore 
be limited to a few of the more prominent 
lines, some of which have been reported in 
previous publications. 

In all pulled crystals other than that with 
the lowest carbon content of 8xl0 ,8 atom 
cm“ 3 , bands were observed at 11-56, 8-96, 
13-48 and 18-20/un with comparable intensi¬ 
ties. Except for the 13-48/xm band, these 
appeared to saturate at relatively low doses; 
the strength of the well-known [31 ] 11-56/xm 
band is shown as a function of integrated 
flux in Fig. 5. This band, together with others 
in the same spectral region, was examined at 
liquid helium temperature to see if the 
presence of 13 C led to any isotopic splitting. 
All the results were negative. Unfortunately 
this cannot be taken as evidence that carbon 
is not involved in these centres, since a similar 
negative result has been found previously for 
lines A and B (Fig. 1) due to [C-O] pairs in 
as-grown material [20], Vibrations in this 
spectral region would predominantly involve 


motion of the oxygen atom and a negligibly 
small isotopic splitting would be expected 
unless the oxygen were bonded directly to 
the carbon atom (for further discussions of 
such effects see [33]). Hence the possibility 
that the 11-56/xm band is for example an 
A -centre perturbed by a nearby carbon atom 
cannot be ruled out; all that can be stated is 
that the strength of this band is negligible in 
samples with the very lowest carbon content 
of less than !0 17 atom cm -3 . Clearly what is 
needed is an examination of a series of 
samples with even lower carbon contents 
than those used in the present work because 
of the rapid saturation of these centres. In 
this case however, measurement of the actual 
carbon content would be very difficult. 

Another feature of the present work was the 
observation of satellite lines around the A- 
band as shown in Fig. 4. It seems likely that 
lines S, and S 2 are the same as those found 
previously by Ramdas and Rao in annealed 
samples which had been irradiated by 
neutrons[32]. They also reported a third 
satellite S 3 which also appeared after annealing. 
It is not clear whether this is the same band 
as that shown at 11-88/tm (Fig. 4) and which 
appeared to correlate with the carbon content 
of the present samples; the reason for the 
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Table 2. Vibrational bands 


Wave¬ 

length 

Orm) 

Anneal 
Wave- types 
number temper- 
(vacuum) ature 
(cm-‘) CC) 

Maxi¬ 

mum 

peak Inter¬ 

intensity pretation 
(cm" 1 ) 

1 Ref. 

13-6—14-2 

18-12 

18-46 

18-60 

18-92 

735-704 * 

un- 

551-7 changed 
541-5 i 240 
un- 

537-6 changed 
528-5 * 

0-5 

0 15 
0-4 

0-1 

0-4 

C 

C 

c 

c 

c 


8-962 

1115-5 

i 340 

0-7 

o, c ? 




un- 




9-260 

1079-6 

changed 

0-3 

o.c? 


9-271 

1078-3 

1 340 

0-8 

o.c ? 


9-415 

1061-9 

ii 360 

0-2 

o.c ? 


9-631 

1038-0 

i 250 

0-1 

o.c ? 


9-696 

1031-1 

i 250 

0-06 

o.c? 


9-773 

1023-2 

i 180 

1-0 

o 

[32] 

9-956 

1004-1 

ii 450 

0-1 

o 

132, 34] 

t0-031 

996-6 

i 250 

0-4 

o 


10-097 

990-1 

ii 450 

0-2 

0 

[34] 

10-256 

974-7 

ii 450 

0-3 

o 

]32, 34] 

10-351 

965-9 

ii 400 

0-2 

o.c? 

[32,44] 

10-426 

958-9 

i 250 

0-1 

o, c ? 

[32.44] 

10-476 

954-4 

ii 350 

0-1 

O.C'’ 

[32] 

10-577 

945-3 

i 300 

0-2 

o.c 


10-651 

938-7 

i 200 

0-6 

o 


10-686 

935-6 

i 250 

0-2 

o.c 

[43] 

10-744 

930-6 

ii 400 

0-2 

o.c? 


10-989 

909-8 

ii 450 

0-2 

o 

132, 34] 

11-179 

894-3 

iii 330,480 

0-8 

0(0,V) [32,34] 

11 -476 

871-2 

i 350 

0-2 

o.c ? 


11-556 

865-2 

i 350 

1-8 

o. c ? 

[31,32] 

11-876 

841-8 

i 480 

1-1 

o.c ? 

[32,44] 

11 -975 

834-9 

i 350 

7-7 

O(O-V) [10. 11] 

12 006 

832-7 

iii 280,400 

2-0 

o 

[32,44] 

12-063 

828-8 

iii 280,400 

1-4 

o 

[32.44] 

12-486 

800-7 

i 350 

0-15 

0 


12-801 

781-0 

i 350 

0-15 

o 


13-48 

741-5 

i 340 

0-6 

c.o 


18-20 

549-2 

i 350 

0-6 

c.o 



‘Apparent superposition of bands with more than one 
annealing stage observed in the range 250-350°C. 


uncertainty is that this band did not grow on 
annealing in the same way as the S, and S 2 
satellites in this previous work. In pulled 
crystals with a high carbon content, a band 
was observed at 9-27 /x,m which also increased 
in strength with increasing carbon content. 
Thp jm pin of this band is also obscure since 


no corresponding satellites due to perturbed 
vibrations of isolated substitutional carbon 
could be found. 

As described by Corbett, Watkins and 
McDonald [34], the anneal of the /4-band 
above 300°C was found to be associated with 
the rise of a band at 11-18/am which they 
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suggested might be due to a dioxygen-vacancy 
complex. We observed the 11-18/u.m band to 
rise to only one-tenth of the peak absorption of 
the /4-band, with the oxygen 9/u,m band 
recovering some 30 per cent between 300° and 
380°C. In this same temperature range the 
8-96, 9-27, 11-56, 13-48 and 18-20/urn bands 
also annealed out, while the carbon-oxygen 
bands A and B (Fig. 1) were observed to more 
than double in strength, although heating 
an unirradiated specimen for similar periods 
at these temperatures was not found to 
produce significant growth. 

The results of this section may be sum¬ 
marized by stating that a room temperature 
irradiation of samples containing carbon and 
oxygen leads to the formation of a very large 
number of bands which do not appear to be 
correlated with one another. This is readily 
understood if interstitial carbon atoms are 
assumed to be mobile under the conditions 
of irradiation and form pairs or more compli¬ 
cated complexes with oxygen and with 
themselves. This general result would then 
be consistent with the more quantitative 
details presented in the previous section. 

5. CONCLUSIONS AND DISCUSSION 

It has been shown that the presence of 
carbon in' a pulled crystal leads to a very 
significant increase in the rate of production 
of divacancy centres. Since very appreciable 
amounts of carbon are simultaneously 
removed from normal substitutional sites, 
it has been inferred that carbon is ejected into 
interstitial sites as a result of the irradiation. 
When oxygen is absent, these processes are 
less efficient and it has been suggested that 
[V-C] centres may be formed. These results 
indicate that the behaviour of carbon is like 
that of group 111 substitutional acceptor 
elements in silicon. The present results 
have gone further and indicated that the inter¬ 
stitial carbon atoms are mobile at room 
temperature (40°C) at least under the 
conditions of irradiation used in the present 


experiments. This has been inferred by the 
anomalously high removal rate of oxygen from 
normal interstitial sites which cannot be 
accounted for in terms of an increased 
introduction rate of [V-'O] centres; instead 
a series of new bands have been observed 
which are almost certainly to be attributed 
to [C-O] complexes. 

It is interesting to speculate on the origin 
of the new bands formed on the oxygen-free 
samples on the basis of these conclusions. 
If [V-C] centres and mobile interstitial 
carbon are formed simultaneously, then some 
recombination of these centres is to be 
expected and in the simplest situation pairs 
of substitutional carbon atoms [C-C] might 
be expected to form. Such centres would 
be similar to those described previously both 
experimentally [35,36] and theoretically 
[37 ,38] for [B-B] pairs. It has been shown 
that the infra-red active localized modes of 
vibration of such pairs are at lower frequencies 
than for the isolated impurity; for example, 
the [“B-“B]r t - mode occurs at 552-5 cm -1 
while the corresponding band for [ ,0 B- 10 B] 
is at 570-1 cm -1 [35,36], Due to the similarity 
of the force constants between carbon-silicon 
and boron-silicon respectively for the isolated 
substitutional impurities [20], the band due to 
[ lz C- l2 C] would be expected to lie at about 
530 cm -1 which is very close to the region 
where absorption was observed (Table II 
and Fig. 9). However, in the carbon doped 
samples, simple sharp lines were not observed 
and it would appear that further clustering, 
perhaps involving carbon interstitials occurs. 
There is another similarity, since in the boron 
doped crystals lines were observed at 733 -0 and 
760-0 cm -1 due to single "B and l0 B atoms 
respectively [35,36]. The origin of these lines 
is still somewhat obscure but it has been 
tentatively suggested that they involve boron 
in interstitial sites; a fuller account of these 
observations will be given elsewhere [39]. 
The corresponding position for 12 C would then 
be around 716 cm -1 , which is again in the 
region where broad band absorption was 



750 


A. R. BEAN et ai. 


observed (Table 2 and Fig. 9). No sharp 
single line was observed, but a shift of the 
broad structure towards lower energies was 
noted when C 13 was present. It seems 
reasonable therefore to relate these two 
sets of observations and to conclude that 
they arise from the same types of defects, 
although these are obviously more complex 
in the samples containing carbon. It would 
then follow that interstitial carbon atoms have 
a greater tendency to form clusters than 
interstitial boron atoms at 40°C. Consequently, 
a simpler situation should prevail if the 
irradiation of the carbon doped samples were 
carried out at lower temperatures. 

When oxygen is present, the situation is 
clearly much more complex since interstitial 
carbon atoms may be trapped in a variety of 
sites near interstitial oxygen atoms, [V-Oj 
centres or even [V-V] centres. At this stage, 
it is worth stating that the vibrational fre¬ 
quencies associated with [V-C] centres 
would be expected to be rather low due to 
the “loss” of one C-Si bond, and any associ¬ 
ated absorption could well fall in the band 
mode region below the Raman frequency 
(estimated to be at 525 cm -1 at 77°K)[40J; 
no such absorption was detected. 

Evidence for the high mobility of inter¬ 
stitial carbon atoms at room temperature may 
also be inferred from other recent work of 
Vook and Stein[13], in relation to the for¬ 
mation of bands involving oxygen. These 
authors irradiated samples containing both 
oxygen and carbon at 80°K. Bands were 
observed at 922 and 932 cm -1 which were 
dependent on the simultaneous presence of 
both impurities and were attributed to a 
trapped silicon interstitial at a carbon-oxygen 
complex. This was thought to be a different 
centre from that giving rise to the 1103 cm' 1 
band, since this band was not reduced in 
strength as a result of the irradiation, in 
agreement with the present observations. 
The important point however, was that the 
922 and 932 cm -1 bands annealed out on 
warming the sample above 250°K as had been 


observed previously [41-43], and they were 
not produced by a room temperature irradia¬ 
tion. It could well be that this is the tempera¬ 
ture at which carbon interstitials become 
mobile and this leads to the formation of 
more complex centres. Stein and Vook did 
not report any new bands in an oxygen free 
sample containing 1-3 x 10 17 carbon atoms 
cm -3 , but since the total dose given was only 
7-7 x 10 17 of 2 MeV electrons cm -2 , this result 
is not too surprising. The structure observed 
in the present samples in the 14 yxm and 18 p.m 
regions was only easily detected after a dose 
of 5 x 10 l8 cm -2 and where the initial carbon 
content was 4-5 x I0 17 cm~ 3 . 

Some further comments will now be made 
about some of the other bands produced in 
the present experiments. Satellites to the 
[V-O] band have been reported by Ramdas 
and Rao[32], in samples after neutron 
irradiation but not after electron irradiation. 
They suggested that these satellites arose as 
a result of more complex centres resulting 
from the more extensive type of damage to 
be expected in the former case. Satellites 
S, and S 2 have now been observed in the 
present samples which are identified from 
both their wavelengths and annealing 
behaviour; the situation for the third satellite 
S 3 at 11 -88 /xm is less clear as its annealing 
behaviour did not conform to that reported 
previously[32]. The relative intensity of 
these lines has now been found to vary with 
different samples immediately after irradiation 
and also after differing annealing treatments, 
so that they must arise from different centres. 
In the samples studied, the strength of the 
satellite at ll-88^.m appeared to correlate 
with carbon content, but this was not so for 
the other two lines. In any case, it is now clear 
that extensive neutron damage is not necessary 
for their formation. The intensities of other 
bands in the 9-12/im region are apparently 
not uniquely determined by the carbon content, 
as seen by comparing Table 2 and Fig. 4 
wkh Fig. 1 of Ramdas and Rao[32]. It would 
seem that further low temperature irradiations 
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and annealing treatments are necessary to 
clarify the results. 

It is concluded finally that the presence of 
carbon in silicon has a very marked influence 
on the nature of the damage produced by 
2MeV electrons. Since carbon is a neutral 
impurity, its presence may often go un¬ 
detected, although a pulled crystal not 
deliberately doped with this impurity has now 
been found with a carbon content of 2 x 10 18 
atom cm -3 . This figure is unusually high, 
but concentrations of only one order of 
magnitude smaller are quite common. Clearly, 
this must be taken into account in future 
irradiation damage studies, as has been 
pointed out previously[13, 19,32]. 
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Abstract — A new process in the release of the heavy rare gases Kr, Xe, and Rn from potassium halides 
at temperatures well below those of normal volume diffusion (i.e. between about ambient temperature 
and 100°C) is described. The process comprises a part of the total gas only and is enhanced by low 
gas concentration and proximity of the gas to the surface. The activation enthalpy of this release 
process. AW, is l-0±0-2eV. The release mechanism is compatible with the gas coming to rest in 
high mobility sites, e.g. interstitial positions, part of it escaping to the surface and part getting trapped 
in sites similar to normal substitutional sites, in divacancies or vacancy clusters, at pre-existing de¬ 
fects or at radiation damage. 


1. INTRODUCTION 

The diffusion of rare gases in solids has been 
studied extensively in the past decade, origin¬ 
ally because of the problems that fission gases 
create in nuclear fuels, e.g. in the swelling of 
such fuels. Later, the studies have been ex¬ 
tended to ‘model substances’, systems with a 
similar structure as that of fuel materials, e.g. 
to potassium-halides representing uranium 
carbide, DC. At present, results on gas re¬ 
lease from crystalline solids are interesting 
from two aspects, first because of their con¬ 
tribution to a general understanding of the 
behaviour of rare gases in solids, and secondly, 
because of the possible implications to reactor 
fuel comportment. 

Earlier studies showed that usually various 
different processes contribute to the overall 
release of rare gases from solids that hence 
proceeds in various stages. Rare gas atoms can 
thus migrate via a normal volume diffusion 
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process, but they can also interact with dif¬ 
ferent defects, e.g. vacancy clusters, radiation 
damage, pre-existing defects, or other gas 
atoms etc. All these interactions lead to a 
delay in release. To obtain physically mean¬ 
ingful diffusion parameters from release data, 
the different processes have to be seperated, a 
task which was not always performed in the 
older studies. The present investigation is a 
contribution towards such a separation of dif¬ 
ferent processes, and is concerned with a re¬ 
lease process at abnormally low temperatures. 

A previous study (1) of inert-gas-diffusion, 
mainly involving Kr and Xe, in ion-bom¬ 
barded KCI, KBr, and K1 has shown that the 
bulk release of the gases consists either of two 
distinguishable processes, depending on bom¬ 
bardment dose and gas concentration, or else 
of low- and high-dose limits of what is possibly, 
though not necessarily, a single process. The 
low-dose process or limit (called Stage 11 A) 
appeared to represent undisturbed volume 
diffusion of the gas, whereas the high dose pro¬ 
cess or limit (Stage II B) appeared to be cor¬ 
related with transient gas-gas or gas-damage 
interactions. 
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Though the low-dose process or limit (Stage 
II A) was compatible with volume diffusion 
and showed a fairly well-defined activation en¬ 
thalpy, A H, there were sometimes indications 
of it being composite with another process 
occurring at lower temperatures. For example, 
in KC1 Tesla-labelled with Kr to very low 
doses[l], a second release peak at 130°C 
appeared in addition to the normal one at 
around 190°C. A similar behaviour was also 
observed for KC1 in [2], where the tempera¬ 
ture width of the release peak was excessive, 
and for KCI and KBr in [3,4], where there 
was sometimes an unexplained step in the 
release curves at 50° to 100°C. 

The present study investigates, separates 
and analyses this low-temperature release 
process (also referred to as Stage I release, 
see Section 5). Most results will be reported 
for KCI, and KBr and K1 will only occasionally 
be referred to as the three potassium halides 
KCI, KBr, and K! show a nearly identical 
behaviour. 

2. EXPERIMENTAL 

The experiments were performed with 
single crystals of KCI, KBr, and K1 obtained 
variously from Harshaw (Cleveland, USA) 
or Korth (Kiel, Germany). Plates of about 10 x 
10x2 mm 3 were prepared by cleaving and the 
cleavage faces labelled with rare gas by ion 
bombardment. Three types of bombardment 
were used: (a) Xenon was introduced at vari¬ 
ous energies (1, 5 and 40keV) and doses 
(8xi0'°, 4X10 13 , 2X10 16 ions/cm 2 ) using 
the Chalk River electromagnetic mass- 
separator* [5]. For details see [4]. (b) Low- 
energy Kr- and Xe-bombardments were 
performed in a Tesla discharge apparatus[2]. 
The resulting energies and doses can only be 
estimated [1] to be roughly 1 keV, and 3x 

10 13 ions/cm 2 for 0-6 sec. discharges, and 2 x 

10 14 ions/cm 2 for 9 sec. discharges, (c) Very 


These bombardments were performed during the stay 
of one of the authors (Hj. M.) at the Chalk River labora¬ 
tories in September 1967. 


low concentrations of Em were achieved by 
implanting 5 X 10* to 1 X 10 7 Ra-224 atoms/cm 2 
from a Th-228 recoil source at energies be¬ 
tween 50-100keV. Em-220 is then formed 
by radio-active decay at a concentration of 
4 x 10~ 3 of that of Ra-224. 

Following the bombardments, release 
measurements were carried out in three dif¬ 
ferent ways: (a) specimens labelled with the 
mass-separator were step-heated, i.e. alter¬ 
nately heated isothermally in air with hold 
times of 5 min and then cooled to room tem¬ 
perature for counting. The annealings were 
spaced at intervals of 5 75°C and therefore 
the effect of step-heating could be neglected 
[6]. (b) Specimens labelled with the Tesla- 
discharge apparatus were heated with a linear 
temperature rise of 10°C/min in streaming dry 
N 2 and the rate of gas release was continuously 
recorded[2], (c) Specimens labelled with Em 
were transferred into a vacuum-cryostat 
which contained a solid state a-detector con¬ 
nected to a multi-channel-analyzer. The de¬ 
tector was shielded with thermally insulated 
Al-foils from both directly emitted «-particles 
and from recoil atoms. The counting rate was 
therefore predominantly due to those Em- 
atoms that diffused from the sample and around 
the Al-shieldings. The sample temperature 
could be varied between —170° to + 150°C. 
Counting was done at the a-energy of Em-220i 
(6-28 MeV) for fixed periods of time, usually 
1 hr, with the cryostat being disconnected 
from the vacuum system. 

3. THEORETICAL 

The mathematics needed for evaluation of 
both isochronal curves (fractional release, 
F. vs. temperature, T, for fixed annealing 
periods, t) and of release-rate curves (dFldl 
vs. T) have been published before [1,4,6], 
Essentially, correlations between the activa¬ 
tion enthalpy, AH, and some readily recog¬ 
nized temperature are established. Such a 
temperature might be that of the maximum of 
the release peak, r max , for dF/dt vs. T curves 
or e.g. that of F — 0-5 for F vs. T curves. 
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References [4,6] contain also the mathe¬ 
matics needed to deduce diffusion coefficients 
from isothermal experiments. 

In addition to the mathematics of normal 
volume diffusion, the appropriate solution of 
the diffusion equation for diffusion with ir¬ 
reversible trapping[6J will be needed, i.e. the 
solution for the case where part of the gas 
diffuses freely to the surface whereas another 
part gets trapped at some defect. The rele¬ 
vant diffusion equation is 

dCldt - (D/A 2 ) (d 2 C/dx 2 ) - DC ID A 2 (1 a) 

with dm/dt = DC/Dk 2 (1 b) 

where C is the concentration of mobile gas, 
m the concentration of gas in traps and L is 
the diffusion trapping length or spacing of 
trapping centers in units of the mean atomic 
spacing, A. 

As has been shown before[6], the fraction, 
F,, of gas atoms that will escape without 
getting trapped is given by 

Fr' = l+f?/ln2L (2) 

where R — median range of the gas, i.e. loca¬ 


tion of the gas atoms beneath the surface. 
Equations (1) and (2) are valid both for gas 
moving via normal sites or getting trapped in 
deep traps (e.g. radiation damage), and for 
part of the gas coming to rest in high mobility 
sites and the rest ending up in either normal 
sites or deep traps. 

With the aid of these formulae, the present 
results can be evaluated, i.e. it can be checked 
whether or not the release kinetics are com¬ 
patible with ideal volume diffusion and, if so, 
AH's can be deduced, provided the range of 
the ions is known or can be estimated. Here, 
the range values published in [1,7,8] were 
used. In addition, an indication can be ob¬ 
tained on the spacing of defects acting as 
traps for gas atoms. 

4. RESULTS 

(a) Mass-separated beams of Xenon 

Figure 1 shows isochronal release curves 
from KC1 bombarded with mass-separated 
beams of Xe-ions at 1 and 5 keV, and three 
different gas concentrations corresponding to 
ion doses of 8xl0 10 , 4xl0 13 , and 2xl0 16 
ions/cm 2 . Data for a higher energy of 40 keV 
and the same doses are taken fromfl] and 



Fig. 1. Release (F vs. 7-curves) of Xe from KC1 single crystals following ion bombard¬ 
ment at I and 5 keV energy and doses of 8 x 10“\ 4 x I0' 3 , and 2 x 10 18 ions/cm 1 . The 
dashed curves for the same three doses and 40 keV ions are for comparison and are taken 

fromfl). 
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shown as dashed lines. Qualitatively, the 
following two features are evident: 

(i) The release curves for energies of 1 and 
5 keV and doses of 8 x 10 10 ions/cm 2 are 
composite, The (sigmoidal) release curve 6 
for 40 keV ions and the low dose of 8 x 10 10 
ions/cm 2 has previously been interpre¬ 
ted!^] as being representative for undis¬ 
turbed bulk diffusion (or Stage 11 A, with an 
activation enthalpy, AH, of 33-5±3kcal/ 
mole or 1-45±0-15 eV/atom). A shift of 
this release curve towards lower tempera¬ 
tures without appreciable change in shape 
is expected for the smaller energies (smaller 
ranges and hence smaller diffusion distances) 
if the same volume diffusion process is still 
operative at the lower energies. Examples 
for such a shift have been given previously 
(Fig. 1 of [9]). The second part of curves 1- 
4 above about 230°C and comprising about 
20, 50, 70, or 90 per cent residual release 
is roughly compatible with this bulk dif¬ 
fusion process. The first part of the curves 
1-4 below about 230°C represents then a 
different release process that occurs at 
temperatures below normal bulk diffusion. 

(ii) At the highest dose of 2 X 10 lfl ions/ 
cm 2 , no indication of this release process 
was observed. The two data points for 1 
keV energy and curve 5 for 5 keV energy 
are seen to closely resemble curve 8 (40 
keV, 2 x 10 16 ions/cm 2 ) which previously 
[1] has been explained as being due to re¬ 
tarded release of trapped gas due to gas-gas 
or gas-damage interactions (or Stage I IB). 
In fact, no gas was released below 230°C. 

(b) Tesla-labeling 

Figure 2 shows some typical release curves 
for KC1 and KBr and a linear heating rate 
(dFldt in arbitrary units vs. temperature, T). 
A total number of 15 runs was performed 
using both All these runs yielded 

the following result#* 

(i) The release curves for low dose bom- 



200 400 600 

Temperature, “C 


Fig. 2. Release (df/dr vs. T-curves) of heavy rare gases 
from Tesla-labeled KCI and KBr single crystals. Curves 
(a) are for 0-3 sec exposure and Xe; curves (b) for a 9-0 
sec prebombardment with (inactive) Kr before labeling for 
0-3 sec with (radioactive) Xe. 

bardments (0-1—0-3 sec duration of the dis¬ 
charge) were always composite, i.e. two 
peaks were observed for all these runs (see 
Fig. 2, curves a). The second peak at around 
150 to 200°C has previously been inter¬ 
preted [1] to be due to volume diffusion (or 
Stage II A) with activation enthalpies of 
33-5 ±3 kcal/mole (1-45±0-15 eV/atom) for 
KCI, 32±2 kcal/mole (l-4±0-l eV/atom) 
for KBr, and 29 ± 2 kcal/mole (1-25 ±0-1 
eV/atom) for Kl. Therefore, the first peak 
at temperatures of around 70°-90°C must 
again be due to a fast process occurring at 
temperatures below those of normal bulk 
diffusion. 

(ii) At higher bombardment doses, as 
indicated for Xe in Fig. 2, curves b, and 
reported for both Kr and Xe in [1], the re- 
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lease peak at low temperatures was com¬ 
pletely suppressed, and the peak for normal 
volume diffusion to a great extent. Rather, a 
new peak was observed at much higher tem¬ 
peratures. This peak was previously [1] 
attributed to trapping in the form of gas- 
gas or gas-damage interactions (or Stage 11 
B). 

Table 1 summarizes the temperatures for 
release peaks and Table 2 the deduced activa¬ 
tion enthalpies, AH , for both the new low 
temperature release process and the two limits 
(see [1]) for low doses (normal volume dif¬ 
fusion involving mobility of vacancies (or 
Stage 11A)) and high doses (trapping involving 
gas-gas'or gas-damage interactions (or Stage 
IIB)). 

Since the diffusion process studied occurs in 
the outermost atom layers, one might argue 
that it could be affected by reactions of the 
halide with humidity. Therefore, a separate 
series of experiments was performed by meas¬ 
uring the room temperature release of Kr- 
85 from KC1 that was (a) stored in a desiccator 


but exposed to the ambient air during count¬ 
ing; (b) stored and counted in a desiccator; 
(c) stored and counted in a static vacuum (10 3 
Torr). Six different crystals were used and the 
release was followed for time periods of up to 
id. In agreement with the results of Fig. 2, 
an amount of gas roughly compatible with that 
of the low temperature peaks (30-50 per cent 
for different crystals) was released if the bom¬ 
bardment dose was low (0-1 sec bombard¬ 
ment). No acceleration in release was 
observed for crystals exposed to the ambient 
air. Therefore, the presence of humidity did 
not seem to be responsible for the low tem¬ 
perature release (Stage I). No release at 
room temperature was observed for high dose 
bombardment which is in agreement with the 
results of Fig. 2, and, in addition, is another 
argument against any influence of humidity. 

The release curves for crystals stored in the 
desiccator (conditions a and b) represented the 
theoretically expected time dependence of 
the release for constant diffusion coefficients 
of 2-2-3-6X 10~ IK cm 2 sec -1 , respectively. This 
scatter has to be regarded of little importance 


Table 1. Temperatures (°C) for release peaks with Tesla 
bombardments 



Low temp, release 

Low dose limit 

High dose limit 


(Stage 1) 

(Stage 11 A) 

(Stage 11B) 

Material 

Kr 

Xe 

Kr 

Xe 

Kr 

Xe 

KCI 

120 

90 

190 

165 

380 

395 

KBr 

120 

70 

155 

170 

280 


Kl 

— 

n.f. 

150 

150 

230 

255 


n.f. = process not found 

The table contains two apparent inconsistencies: (a) Stage I release 
of Xe occurred at lower temperatures than Stage I release of the smal¬ 
ler Kr. (b) Stage 1 release was observed for KCI and KBr. but not for 
Kl. Both these observations, however, are probably artifacts due to the 
inherent difficulties of labeling at room temperature and observing the 
subsequent low temperature release. The sample surface gets slightly 
heated during labeling. Because of technical reasons, the labeling 
pressure for Kr was higher than that for Xe leading to a slightly higher 
temperature. Therefore, some Kr might have been released during 
labeling causing a change in the shape of the range distribution as 
well as in the shape of the release curve. Similarly. Stage 1 release 
from Kl may go to completion during bombardment since the release 
temperatures decrease with decreasing melting point, and hence very 
low release temperatures (« 50°C) would be expected for Kl. 
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Table 2. Observed activation enthalpies (AW’s, eV)* 


Gas and 
target 

Type of bom¬ 
bardment 

Low temp, 
release 
(Stage 1) 

Low dose limit 
(volume diffus.) 
(Stage 11 A) 

High dose limit 
(trapping)* 
(Stage 1IB) 

Kr-KCI 

Tesla 

H 

1-3 

1-9 

Xe-KCI 

Tesla 

10 

1-3 

2-0 

Xe-KCI 

1 keV 

M 

1 •6 (o1 

n.d. 

Xe-KCI 

5 keV 

10 

1 •6 << ” 

2-0 

Xe-KClll] 

40 keV 

n.f. 

1-4 

1-8 

Em-KCI 

recoil 

0-8 

1-5 

n.d. 

Kr-KBr 

Tesla 

H 

1-2 

1-6 

Xe-KBr 

Tesla 

1-0 

1-3 

1-8 

Xe-KBri 1,4] 

40 keV 

n.f. 

1-3 

t-6 

Kr-Kl 

Tesla 

n.f. 

1-2 

1-5 

Xe-KI 

Tesla 

n.f. 

1-2 

1-5 

Xe—K1 [ 1 ] 

40 keV 

n.f. 

1-2 

1-5 

Kr-NaCI[9] 

Tesla 

n.f. 

1-5 

2-4 

Xe-NaCl[9] 

Tesla 

n.f. 

1-6 

2-4 

Xe-NaCI[9] 

40 keV 

n.f. 

1-6 

2-1 


The ranges used for calculating AW’s are based on refs. (1.7.8. 9). The un¬ 
certainties due to the assumed range of k 0 . i.e. I O' 5 ' 1 sec -1 where k« is the pre¬ 
exponential diffusion rate constant (k„ = 2 D„/a 2 . a = mean atomic spacing), are 
about ±01 eV; a further uncertainty of about ±01 eV arises due to the scatter 
in the data. 

""This value may be high because of the overlapping of the low temperature 
release process with release due to volume diffusion in F vs. 7'-type curves. 

""These are apparent values since kinetics different from those of volume dif¬ 
fusion are indicated for the high dose limit (see 19]). 

n.d. = A/7 not determined, n.f. = process not found. 


since the diffusion coefficients for normal vol¬ 
ume diffusion (Stage HA) would be lower by 6 
to 7 orders of magnitude (see Section 5). 

(c) Emanation recoil-labeling 
Some KCI-single crystals were recoil- 
labeled with Ra-224 from a Th-228 source. 
The Ra was then diffused into the crystals to 
a median depth of about 0-2 pm and the crys¬ 
tals were placed in the cryostat mentioned in 
Section 2(c). Since the Em-isotope employed, 
Em-220, has a half-life of 54 sec. and is con¬ 
tinuously generated by the decay of Ra-224, 
the time scale of the diffusion is in the order of 
1-3 min, independent of the heating time. 
Figure 3 shows the results of various runs. 
The first counts were obtained between about 


—80° and —70°C. and were probably due to the. 
onset of desorption of recoil atoms. Some re¬ 
coil Em-atoms escape with a low remaining 
energy and have therefore a sticking factor 
< 1 in the aluminum shielding. These atoms 
will get adsorbed on the cold KC1 or the sup¬ 
porting copper rod, and will be desorbed if 
temperatures of —80° to —70°C are reached. 
With further increases in temperature, the 
release rate was constant, until about 30°-40° 
C were reached. Between about 40 to 100°C. a 
release process occurred comprising about 1 
per cent of the total gas. Then, a saturation up 
to about 120°C and a second release process 
were indicated. With the reactor irradiated 
crystals, the first release process between 40° 
to 100°C was absent. However, when these 
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Fig. 3. Release of Em-220 from KCI single crystals between -80 and + 140°C. The open symbols are 
for as received KCI, the full ones for reactor irradiated crystals (2 x 10 ,B nvt). The low temperature 
release process is absent in reactor irradiated specimens. 


reactor irradiated crystals were annealed for 
about 30 min at 200°C to anneal the F-centers 
and to restore the transparency of the samples, 
release curves similar to those of unirradiated 
specimens and showing a low temperature 
process between about 40-100°C were 
obtained. 

5. DISCUSSIONS 

Diffusion constants for the mobility of 
rare gases are usually determined by measur¬ 
ing the integral concentration of gas that leaves 
a solid, i.e. the release of the gas. Since, in the 
last years, this release has been realized to 
consist of various competing processes in¬ 
volving different mechanisms and kinetics, a 
physically meaningful interpretation of release 
data is only possible if these different processes 
can be separated. To this end, a division of the 
overall release into Stages was suggested [e.g. 
4,10,11]. In this system, Stage II was de¬ 
fined as gas release which occurs within the 
temperature range of volume self-diffusion 


of the matrix atoms, whereas Stage I is most 
simply described as any gas release occurring 
well below this temperature range. 

The present study proves the existence of 
such a low temperature or Stage I release for 
the three rare gases Kr, Xe, and Rn in the 
alkali-halides KCI and KBr. Three different 
experimental techniques were used to separ¬ 
ate this process from Stage II release which, 
depending on time scale (heating schedule), 
and diffusion distances used, started at about 
200-250°C (ion bombardment with mass sep¬ 
aration) or about 120°C (Tesla labeling) never¬ 
theless representing the same diffusion 
process with a constant activation enthalpy 
of e.g. 1-45±0-15 eV for KC1[1]. Again, de¬ 
pending on the same experimental conditions, 
the new Stage I process started between 
about room temperature (Tesla labeling) or 
40°C (release of Em and ion bombardment) 
and hence well below the temperatures of 
normal volume diffusion (Stage II). An 
activation enthalpy, AH, of l-0±0-2eV was 
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deduced for this new process*. At room tem¬ 
perature, D-values of about 2-3 x 10 -18 cm 8 
sec -1 were implied for Stage I release, where¬ 
as the calculated D-value for volume diffusion 
(Stage HA) at room temperature would be 
about 10* to 10 7 times smaller. Conversely, 
the temperature corresponding to a D of 
2-3 X 10~ 18 cm 2 sec~' and Stage 11A release 
would be 150°C instead of room temperature. 
Therefore, the experimental results show a 
clear separation of Stage 1 from Stage 11 and 
constitute thus evidence for the existence of 
Stage I-type release of heavy rare gases in the 
alkali halides KC1 and KBr. 

Before discussing the mechanism of the new 
release process, we want to recall the present 
knowledge on Stage II release. For this release 
and low doses, a mechanism involving the 
mobility of the gas in small stable vacancy 
clusters, e.g. di vacancies, was suggested on the 
basis of studies of doping[l,4], a-channeling 
and proton-scattering! 12]. At high doses, 
trapping in the form of gas-gas or gas-damage 
interactions was proposed to have occurred; 
the release was retarded in time or shifted 
towards much higher temperatures thus in¬ 
dicating a high apparent activation enthalpy 
(see Table 2). Hence, the new low tempera¬ 
ture process (Stage I) must be due to another 
new mechanism of mobility. 

There are three more features of this release 
process that may help to explain its mechan¬ 
ism (a) it is dominant at low doses and is sup¬ 
pressed at high doses, (b) it is absent in 
reactor irradiated crystals but is present 
following pre-annealing of such crystals, (c) 
it comprises a part of the total gas only. 


‘This release process may in fact have a certain (but 
limited) range in activation enthalpies rather than a well 
defined single value, as indicated by the presence of a two 
peak release process even following a room temperature 
release experiment. Though a 24 hr exposure at 20°C is 
equivalent to a 5 min heating to 65°C. the room tempera¬ 
ture release would comprise the part of the gas having 
lower AH's whereas the subsequent release on heating 
woul^§|vdue to gas occupying sites with slightly higher 
&f£%rne indicated spectrum of AH's would, however. 
falf|ittf the above range of TO ± 0-2 eV. 


These observations seem to be compatible 
with a model where the gas comes to rest in 
high mobility sites and part of it escapes to 
the surface whereas another part gets trapped. 
Such a model satisfies feature (c) by definition, 
and can explain features (a) and (b) with the 
aid of equation (2): the fraction released in 
Stage 1, F,, decreases at constant energy 
(hence constant R ) with increasing bombard¬ 
ment dose and equals zero in reactor irradi¬ 
ated crystals due to a decrease in L, the 
spacing of trapping centers. Pre-annealing of 
the reactor irradiated crystals leads to anneal¬ 
ing of defects and to an increase in L and. 
therefore. Stage 1 release can be observed 
again. F, decreases also if higher bombard¬ 
ment energies are used at constant dose since 
then the range R of the ions is increased. 

Equation (2) yields also indications for L. 
the diffusion trapping length appropriate to 
the low temperature release. For Tesla label¬ 
ing of 0-1-0-3 sec duration corresponding to an 
estimated 2 x I0 13 ions/cm 2 ; F, is about 0-5 
and hence 

L = 1,4/? ® 10 ±2 atom layers. 

This implies that each incident 1 keV ion 
produces roughly 10 traps that are stable at 
room temperature. Since halide or potassium 
interstitials are mobile much below room tem¬ 
perature [13], many of these traps may be 
vacancy clusters. The values of L deduced 
from Fig. 1 are of the same order and are 
about 35 atom layers for the low dose of 8 x 
10 ,n ions/cm 2 and 3 atom layers for the dose 
of 4 x 10 K1 ions/cm 2 . 

As to the mechanism of the low temperature 
release, the most probable high difFusivity 
position would be an interstitial position. 
Theoretical calculations (14) are available 
for the light rare gas. argon, and potassium 
halides. According to these calculations, the 
migration enthalpy of an interstitial argon 
atom would be small (0-15-0-34 eV) but single 
vacancies would act as comparatively deep 
traps with binding energies between 0-8 to 
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1 -5 eV. The present results are dealing with 
heavy rare gases. Therefore, the activation 
enthalpy for interstitial motion may be slightly 
higher.* It is at present, however, not possible 
to decide whether a pure interstitial process 
or an interstitial migration with trapping in 
single vacancies are dominant. Single vacan¬ 
cies do not seem to be normal equilibrium 
sites for the heavy rare gases (see above) and 
might therefore be high diffusivity positions, 
especially in combination with proximity of 
the gas to the surface. 

The only other system where a fast release 
process at (and even below) room temperature 
was observed, is Em/UC[15,16]. This pro¬ 
cess was attributed to an interstitial mechan¬ 
ism, since vacancies are not mobile in UC at 
such low temperatures. High mobilities of 
Xe and Kr in W at and below room tempera¬ 
ture, however, have in addition been deduced 
from range studies and were attributed to a 
process involving interstitial migration and 
subsequent trapping[17-19]. As in the present 
study, preexisting defects suppressed this 
mobility. Finally, an abnormally long range 
implying a similar effect was observed in the 
system Kr/NaCl[20], and indicated in the 
systems Xe/NaCl and Xe/KBr[7], Fast re¬ 
lease processes starting slightly above room 
temperature were previously reported [10, 
21,22] with W, A1 2 0 3 , Nb 2 0 5 , SiO a , and Ti0 2 . 
These releases were always connected to 
surface proximity of the gas. 


*Note added in proof. Recent calculations (M. J. 
Norgett, private communication, 1970) for the systems 
Kr/KCl and Xe/KI have again yielded activation enthal¬ 
pies for interstitial gas mobility in the range 0-2-0-3 eV. 
thus favouring a contribution of vacancies to the present 
release process. 
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Abstract—Measurements are presented of the resistivity of Au containing between 0-005 and 3 per 
cent Co between 0-5° and 300°K. The results are consistent with a Kondo Temperature of around 
400°K for the most concentrated Au Co alloys, At low temperatures the resistances vary approxi¬ 
mately linearly with temperature, with a slope proportional to (concentration) 1 ' 1 '. Possible explana¬ 
tions for this unusual concentration dependence are discussed, and it is concluded that this results 
from a Kondo temperature which decreases with increasing concentration. 


INTRODUCTION 

The properties of dilute Au Co and Cu Co 
alloys differ in many important respects from 
the properties of the noble metals containing 
other transition metal impurities, and the 
magnetic state of the Co atoms in these hosts 
is far from clear. In particular, previous mea¬ 
surements! 1] have failed to demonstrate the 
existence of a resistance minimum in alloys 
containing less than 0-4 at. per cent Co. A 
minimum has, however, been observed in 
higher concentration alloys, and Domenicali 
and Christenson[2] have shown that the 
resistivities of Au containing 2-1 per cent and 
4-3 per cent Co vary approximately linearly 
in log T between room temperature and 
1000°K, and flatten off at lower temperatures 
(when plotted against log T) in a manner con¬ 
sidered to be characteristic of the formation 
of a spin compensated state. Their curves 
suggest that the Kondo temperature T K of the 
Au Co system is around 400°K. A similar 
value may be derived from the thermoelectric 
power of a Au 2-1 per cent Co alloy [3], which 
exhibits a large negative peak at around 
300°K. If this is a correct interpretation of 
these results, then the Kondo temperature of 
Au Co is similar to that oiAu V[4], 


*This work has been sponsored in part by the Air 
Force Materials Laboratory (AFSC) through the Euro¬ 
pean office of Aerospace Research (OAR), United States 
Air Force, under Contract F61052-68-C-00! I. 


A value for the effective s-d exchange integ¬ 
ral J can be derived, if it is assumed that T K = 
E y e~(n(E F ) is the density of conduc¬ 
tion electron states at the Fermi Energy E F ). 
Taking T K = 400°K. then Jn(E F ) = 0-20 and 
J = 0-62 eV. To investigate this system in 
more detail at low temperatures, we have 
measured the resistivity of a series of Au Co 
alloys containing between 0-005 at. per cent 
Co and 3 at. per cent Co between 0-5°K and 
300°K. A preliminary report on some of these 
results has been published previously [5]. 

EXPERIMENTAL METHOD 

The materials used for the preparation of 
the alloys were 99-9999 per cent pure Au(Co- 
minco) with an estimated Fe content of 0-4 
ppm, and 99-99 per cent pure Co (Koch 
Light Industries) containing less than 50 
ppm of Fe. The alloys were prepared by melt¬ 
ing together suitable proportions of pure Au 
and a Au 3 at. per cent Co master alloy, in a 
water cooled copper boat induction furnace. 
All the alloys were inverted and remelted 
several times to ensure good homogeneity. 
They were then annealed in vacuo for six 
hours at 950°C and quenched rapidly into 
iced water. After cold rolling between melinex 
sheets to a thickness of 0-06 mm, they were 
cut into strips 3 mm wide and 10 cm long, and 
etched in aqua regia to remove surface con¬ 
tamination. They were finally reannealed and 
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quenched as before. A pure Au specimen pre¬ 
pared in an identical manner was found to 
have a resistance ratio of 800, and from the 
Kondo term in the resistivity, was found to 
contain approximately 0-5 at ppm Fe in solu¬ 
tion. It is therefore hoped that the alloys con¬ 
tain a similar low level of Fe impurity. 

The solubility of Co in Au[6] is 19 at. per 
cent at 950°C, falling to 3 at. per cent at 650°C. 
and is negligible at room temperature. The 
linear dependence of the residual resistivity 
Ap 0 (where Ap 0 = p A „ oy (l°K)-p Au (rK)) on 
nominal concentration c, shown in Fig. 1, 
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Fig. 1. Residual resistivity Apo = p A „ u ,d°K)-p Au (l°K) 
versus Co concentration in at. per cent. Closed circles 
indicate concentrations estimated from the initial weights 
of the materials, and crosses indicate the concentrations 
as determined by chemical analysis. The dashed line 
represents Apopfi cm = 5-75 x (concentration in at. per 
cent). 

demonstrates that very little Co has pre¬ 
cipitated during the annealing process, but the 
very low room temperature solubility makes 
it likely that some clustering of the Co atoms 
will have occurred, particularly in the more 
concentrated alloys. The value of A pjc = 


5-75 pH cm|at. per cent is in good agreement 
with the value found by other authors [1,7]. 

The resistances were measured by a four 
terminal potentiometric technique in a con¬ 
ventional He 3 cryostat. Six specimens, one 
pure and five alloys, were measured simul¬ 
taneously over the temperature range 0-5°- 
300°K. Below 4°K, temperatures were 
stabilized and measured to better than 2 mdeg. 
Above 4°K, the temperature was stabilized to 
better than 01 per cent and was measured 
with an uncertainty of less than 0-5 per cent of 
the temperature. 

Accuracy of resistance measurement is 
limited, in the more dilute alloys, by the accur¬ 
acy of potential measurement. To develop a 
sufficiently large potential across the 0-005. 
0-01, 0 02, 0-03 at. per cent Co specimens to 
enable their very small temperature depen¬ 
dences to be determined, a measuring current 
of 1 amp was used. To overcome the effects of 
joule heating, they were immersed in the He 4 
bath, and measurements on these alloys were 
limited to the temperature range 1 -3-4-2°K. 

The determination of the resistivity from the 
resistance requires an accurate knowledge of 
the length and cross sectional areas of the 
specimens. The distances between the shallow 
depressions on the specimens left by the 
potential knife edges were measured with a 
travelling microscope. They were then cut at 
the knife edge marks and weighed accurately.' 
The average cross sectional area between the 
potential marks could then be determined 
from the mass and density (obtained from 
lattice spacing data[8]). This procedure 
enables the length/area to be determined to 
better than 0-5 per cent. 

RESULTS AND DISCUSSION 

In Fig. 2. the excess resistivity Ap — p Alloy 
(T) — p Au (T) is plotted against temperature 
between 0° and 300°K. Low temperature 
results are presented in more detail in Fig. 3 
for the 0-4, 1-6 and 3 per cent alloys and in 
Fig. 4 for the more dilute alloys. It is evident 
from these results that the resistivity varies 
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Fig. 4. A p vs. temperature for Au Co alloys containing 
0-01,0 02. 0 03 and 01 per cent Co. The resistivity of an 
Au 002 at. per cent Fe alloy is included for comparison. 

(Note different resistivity scale for this alloy.) 

almost linearly with temperature at low tem¬ 
peratures for all alloys except the most 
concentrated. This is in contrast with the 
behaviour of AuV[ 4] and Cu Fe[9] which 
tend to an approximately quadratic temperature 
dependence well below 7 K . The results are 
also in better agreement with the linear depen¬ 
dence predicted by Anderson [10] than the 
quadratic dependence derived by Nagaoka 
[11] and the more complicated dependences 
predicted by Appelbaum and Kondo[12] and 
by Hamann[13] for T < l' K . 

The linear dependence is observed for con¬ 
centrations down to 0-02 at. per cent Co. This 
can be readily distinguished from the effects 
of Fe Mifrity scattering which exhibits the 
charactiipiic logarithmic temperature depen¬ 


dence shown in Fig. 4 for a Au 0-002 at. per 
cent Fe alloy. The temperature dependence 
may, however, be affected at the lowest tem¬ 
peratures by the presence of a few parts per 
million of Fe. In the Au 3 at. per cent Co alloy, 
the resistance tends to flatten off below 3°K, 
suggesting that magnetic ordering effects are 
becoming significant at this concentration. 

In the 3 and 1-6 at. percent alloys the slopes 
of the curves decrease at higher temperatures 
and tend to the logarithmic dependence found 
by Domenicali and Christenson about 300°K, 
as is shown in Fig. 5. For the alloys containing 
0-4 at. per cent and less of Co, Ap passes 



Fig. 5. A p vs. log T for concentrated AuC o alloys. Co 
concentrations and relevant scales are indicared in the 
figure. 


through a minimum at around 13°K and a 
broad maximum at higher temperatures. The 
very rapid increase in the excess resistance 
above 10°K, when phonon scattering is becom¬ 
ing significant, is typical of the breakdown of 
Matthiessen’s Rule which is found in alloys 
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Fig. 6. Fractional slope at 4°K, KP/Apo (d/dTAp),** vs. 
concentration c at. per cent. Arrows indicate the relevant 
concentration scales for the high and low concentration 
alloys. Closed circles represent concentrations estimated 
from initial weights of materials, crosses represent con¬ 
centrations determined by chemical analysis. The rela¬ 
tion l/Ap„ (d IdT Ap) 4 . K = 6-4 x I O' 1 c° 5 is represented by 
' the dashed curve. 


containing non-magnetic[14] and magnetic 
[15] solutes. 

There are several causes for this break¬ 
down. The most important arises when differ¬ 
ent scattering mechanisms of comparable 
magnitudes have different ^-dependences (k 
being the wave vector of the conduction elec¬ 
trons). The competing scattering processes in 
the present case are those due to phonons and 
impurities. Kohler[16] has shown that the 
deviation from Matthiessen’s Rule can be 
written 


where 


Ap = p J + A(T) 


A (T) = 


PPi ypp 
&Pi + yp P 


Pi and p p are the impurity and phonon resis¬ 
tivities, and )3 and y depend on the relative 
anisotropies of the two scattering processes, 
and may be temperature dependent. In [15] 
it is shown that this relation holds approxi¬ 
mately, up to 50°K; for a wide range of transi¬ 
tion metal solutes in Au, with )3 and y taken to 
be constant, and for high concentration alloys 
[14,15] this may be a reasonable approxima¬ 
tion up to room temperature. For the alloys 


containing 0-4 at. per cent Co and less, the 
deviation is consistent with the above expres¬ 
sion, but the correction is too large to permit a 
reliable estimate of the impurity resistivity 
above 20°K. For the T6 ^nd 3 at. per cent 
alloys, it is fractionally much smaller, and the 
effect of applying such a correction with y = 
1 -2 and /3 = 0-02 is shown by the dashed 
curves in Figs. 2 and 3. These values for j8 
and y are consistant with values found for 
other alloys of comparable residual resistivity 
[15], but while y is probably correct to within 
± 20 at. per cent, (3 may be in error by as 
much as a factor of two. 

A striking feature of the results is the non¬ 
linear concentration dependence of the low 
temperature slope d IdT Ap. A graph of 1/Ap 0 
(d IdT A p) 4 ° K against c is shown in Fig. 6, and 
it can be seen that this quantity varies approxi¬ 
mately as c 0 ' 5 for 0-02 < c <3 at. per cent Co. 
(The rather low value for the 3 at. per cent 
alloy may be due to the effects of magnetic 
ordering at 4°K.) Thus the slope varies as c 1 ' 5 
in this concentration range. A concentration 
and temperature dependence similar to that 
found here for Au Co has been seen in the 
resistivity of Cu Co alloys[17] containing 0-5, 
1 and 2 at. per cent Co; and a non-linear 
magnetoresistance was observed in the same 
alloys. The specific heat at 5°K has been found 
to vary as c 15 in Au Co[18] and c 2 in Cu Co 
[19]. The thermoelectric power is approxi¬ 
mately linear in temperature and independent 
of concentration below 16°K in both of these 
systems[20,21]. Hildebrand[22] has shown 
that the high temperature susceptibility (mea¬ 
sured up to 600°K) can be represented by a 
Curie-Weiss law, with an effective moment of 
4-6 p B and a negative Curie temperature 
which decreases approximately linearly with 
concentration from 247°K for Au 0-3 at. per 
cent Co to 87°K for Au 3-5 at. per cent Co. 
The low temperature magnetisation, mea¬ 
sured by Le Guillerm et al. [23], is a very non¬ 
linear function of field and concentration, and 
remanance is observed in alloys containing 
more than 2 at. per cent Co. Very similar 
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effects are observed in CuCo alloys[22,23]. 

Evidently, the temperature dependence of 
the Kondo scattering per impurity increases 
as the mean separation between Co atoms 
decreases. This differs from the behaviour 
observed in other dilute magnetic alloy sys¬ 
tems such as CuC r[24] where the effect of 
increasing magnetic interaction (due to 
increasing concentration) is to terminate the 
Kondo scattering. Such an effect is observed 
here only in the 3 at. percent alloy, below 3°K, 
and may be expected when the RKKY inter¬ 
action energy becomes comparable with T K °- 

To explain this unusual concentration de¬ 
pendence, Caroli[25] has suggested that Co 
atoms may be on the verge of magnetism, 
being nonmagnetic when isolated, but becom¬ 
ing magnetised when in close proximity to 
other Co atoms. Since the number of neigh¬ 
bouring pairs in a dilute random alloy is 
proportional to c 2 , properties depending on 
the presence of a magnetic moment on the Co 
atoms would increase with at least this power 
of the concentration. This explanation, while 
accounting qualitatively for most of the low 
temperature properties, is inconsistent with 
the concentration (and temperature) indepen¬ 
dent moment found at high temperatures by 
Hildebrand(22], and the concentration inde¬ 
pendent low temperature thermopower [20. 
21 ]. 

It is unlikely that the large value of the 
effective moment can be ascribed to single Co 
atoms. Taking g = 2, a moment of 4 -6p. H 
corresponds to a spin of 1-85. Such a spin 
value would involve the improbably large 
number of at least 2-7 s and p like electrons in 
the screening of each Co atom. As enhanced 
moments of the kind observed in, for instance. 
Pd Co, are unlikely to exist in noble metal 
based alloys, it seems probably that the Co 
atoms are present in clusters, as suggested by 
Le Guillerm et a/.[23], and that these clusters 
remain intact up to at least 600°K. As the 


dent of concentration, and the number of 
clusters proportional to concentration. If 
this is the cas e,Au Co is evidently not a simple 
random alloy. 

If the clusters remain intact to tempera¬ 
tures in excess of 600°K, the interaction 
between the members of the cluster must be 
very strong and Kondo scattering from the 
individual Co atoms in the cluster will be sup¬ 
pressed. However, Beal-Monod[26] has 
shown that a strongly coupled pair of magne¬ 
tic impurities, whilst not giving rise individu¬ 
ally to temperature dependent Kondo 
scattering, will scatter as a single spin, and 
exhibit a Kondo resistivity whose magnitude 
depends on the nett spin of the pair and on 
their separation. As the resistivity and thermo¬ 
power suggest that the system undergoes a 
transition to a spin compensated state at a 
rather high temperature, it must be tentatively 
presumed that the whole cluster becomes 
spin compensated, with each member of the 
cluster retaining its full magnetic moment. 

The concentration dependence of the low 
temperature properties can be understood 
qualitatively if the Kondo temperature, or the 
width of the scattering resonance, decreases 
with concentration. Nagaoka[27] has shown 
that such an effect may be expected to result 
from the long range of the conduction elec¬ 
tron spin polarisation associated with the 
spin compensated state. He finds that the 
Kondo temperature, and properties of the sys¬ 
tem at or above T K , do not depend on the 
concentration, as the amplitude of the spin 
compensating cloud is small at high tempera¬ 
tures. At very low temperatures compared 
with T k . correlations between spin compen¬ 
sated states may be expected when the con¬ 
centration exceed c 0 > n(E F )T K . (In the 
present system, with T K ~400°K, c 0 ~ 1 per 
cent.) Nagaoka shows that the width A of the 
resonance will decrease when c exceeds c c , 
leading to an increase in the temperature 


moment is concentration independent (at 
leasts c > 0-3 at. per cent), the number of 
CofilSams in a cluster must also be indepen¬ 


dependent scattering per impurity for T <T K . 
This is in qualitative agreement with the 
observed behaviour, though neither the tern- 
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perature nor concentration dependence pre¬ 
dicted by Nagaoka lit the present results. 

CONCLUSIONS 

The high temperature resistivity, thermo¬ 
power and magnetic susceptibility demon¬ 
strate that Au Co undergoes a transition to a 
spin compensated state at a rather high tem¬ 
perature, though the susceptibility suggests 
that it is probably tightly bound clusters of Co 
atoms which undergo the transition. The pres¬ 
ent results also indicate that at concentrations 
sufficiently small for interactions of the RKKY 
type to be negligible, and for T <£ T K , cor¬ 
relations between Co atoms (or clusters) 
increase the temperature dependence of the 
resistivity. (Similar effects have also been 
observed in the resistivity of Cu Fe and Au V 
[28].) There is at present no satisfactory 
theoretical explanation of this effect. How¬ 
ever, the concentration dependence of the low 
temperature properties can be understood in 
general terms if it is assumed that T H ( or A) 
decreases with increasing concentration, and 
this conclusion is strongly supported by the 
linear decrease of the Curie temperature 
with concentration found by Hildebrand[22]. 
The one property which does not seem to fit 
in with this picture is the thermopower, which 
is independent of concentration at low tem¬ 
peratures [20]. 

Since the linear slope of the low tempera¬ 
ture resistivity per impurity does not tend to a 
constant value at low concentrations (as does 
the Curie temperature[22]) but apparently 
tends to zero, it may be concluded that a 
linear temperature dependence is not charac¬ 
teristic of isolated Co atoms (or clusters) at 
temperatures very low compared with T K . The 
actual temperature dependence in alloys suffi¬ 
ciently dilute for correlations between Co 
atoms to be negligible is very difficult to estab¬ 
lish because of uncertainties due to the break¬ 
down of Matthiessen’s Rule, and the possible 
presence of minute amounts of Fe impurity. 
However, the present results are more consis- 
tant with a parabolic temperature depen- 


dencefl 1,12] for the resistivity, than with the 
expression given by Hamann[13], which pre¬ 
dicts that the slope of the resistivity becomes 
infinite as the temperature tends to zero. 
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APPLICATION OF THE ELECTRON TEMPERATURE 
MODEL TO LOW-TEMPERATURE NON-OHMIC 
TRANSPORT IN GaAs 
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Abstract—The electron temperature model and a theory involving a direct solution of the Boltzmann 
equation are compared with experiment. The experimental data are the field dependence of the 
conductivity and Hall constant at 4-23°K in GaAs. Only the theory involving a direct calculation of 
the distribution function appears to explain the experimental observations. This result is surprising 
since the electron density is about 4 orders of magnitude above that required to justify the electron 
temperature model. 


INTRODUCTION 

T he most widely used model of hot electron 
phenomena is the electron temperature model 
(ETM) [1-4]. In this model the electron 
distribution function is assumed to be 
Maxwellian with an effective electron 
temperature. This model was originally 
proposed by Frohlich[l] who assumed that 
interelectronic collisions were sufficiently 
strong to enforce an internal equilibrium of the 
electron gas, thus justifying the concept of an 
electron temperature. Stratton [3] extended 
the calculations of Frohlich and Paranjape 
[2] to include a variety of scattering mechan¬ 
isms and lattice temperatures. 

The advantage of the ETM is that the 
Boltzmann transport equation need not be 
solved. This simplification allows many prob¬ 
lems that would otherwise be avoided because 
of their complexity, to be at least investigated 
for their physical content. 

The ETM, however, has no rigorous justi¬ 
fication. That strong electron-electron scatter¬ 
ing maintains a Maxwellian (Fermi) distribu¬ 
tion is only an assumption. This assumption 
has not been proven because of the difficulty 
of solving the transport equation for arbitrary 
electric fields in the presence of electron- 
electron collisions. Despite this, however, the 


ETM continues to be extensively applied. 
In most comparisons with experiment, the 
ETM agrees well with the experiment. Even 
with carrier densities orders of magnitude 
below that required for its justification, it can 
give a fairly good account of some rather 
complicated results [5]. 

In this article we use both the ETM and a 
direct solution of the Boltzmann equation 

[6] to analyze some Hall effect measurements 
in n-type GaAs at low temperature [7]. We 
find that even though the ETM gives fairly 
good agreement with the field dependence of 
the electron mobility, it does not fit the field 
dependence of the Hall constant. The direct 
solution however, gives good agreement with 
both the Hall constant and the mobility. This 
result is surprising since for the conditions 
in these measurements the usual criterion 
for the ETM is met [8]. 

RESULTS 

The experimental details which are des¬ 
cribed in another publication by the author 

[7] , are outlined below. In Fig. 1 the results of 
measurements of the electric field dependence 
of the Hall effect in n-type epitaxial GaAs at 
4-2°K are shown. In this material the impurity 
density is so high that the donors do not freeze 
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Fig. 1. The conductivity mobility p, r and the ratio ' vs. 

electric field at 4-23°K. The solid line is for the BES calculation; 
the dashed line is for the ETM. The parameters are the same in both 
calculations. The dots are experimental data. 


out down to the lowest temperatures. This 
result is similar to the case of InSb where 
donor freeze out is not observed [9]. The 
conductivity mobility fi r was not measured 
directly, but was obtained from the measured 
conductivity by the relation = c r(ne)~'. 
The ratio was similarly obtained from 

the measured Hall constant R H using the 
relation: p, w p, c -1 — R H ne. Here n is 3-5 x ]0 15 
cm -3 . The carrier density was obtained from 
measurements of the ohmic Hall constant 
at room temperature. The dots are experi¬ 
mental data. The dashed curves were obtained 
from the ETM. The solid curves were 
calculated from the direct solution of the 
Boltzmann equation (BES). We assumed that 
the electron scattering is due to ionized 
impurities and acoustic phonons interacting 
via both piezoelectric and deformation 
potentials. .Screening of the electron-phonon 
as well as the electron-impurity interactions 
was taken into account. These assumptions 


give a consistent picture of both the ohmic 
and non-ohmic transport [7]. In both theories 
the parameters are the same and given in 
[7], The theoretical curves are shown only in 
their region of validity; i.e. at fields where the 
optical phonon does not make a significant 
contribution to the scattering. 


DISCUSSION 

At this point a brief mention of the two 
theories and their approximations is in order. 
Both theories begin with the Boltzmann 
equation. The assumption is made that the 
electron distribution function /(k) can be 
adequately represented by 

/Ik) =/o(c) + k-f,(€) (I) 

where / 0 (e) depends on energy e and is the 
symmetric part of fik), and f t (e) is in the 
direction of the electric field E. The wave 
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vector is k. Then it is straightforward to show 
in the relaxation time approximation that 

f,<«) = —--ftrE^ (2) 

m o€ 

where r is the momentum relaxation time. 

Here the similarity between the two theories 
ends. In the ETM the assumption is made 
that / 0 (e) is of Maxwellian form but with an 
effective electron temperature T*. The elec¬ 
tron temperature is found from the energy 
balance relation: the power input to the elec¬ 
tron gas is equated to the power lost to the 
phonons. 

The criterion for the use of the ETM, as 
given by Frohlich and Paranjape[8] is that 
the rath of loss of energy to the phonons is 
equal to the rate of energy exchange within 
the electron gas. This gives a critical density: 

n c ~ € 1 ' s w l 5 ,v 2 e 0 2 (47r kTe 4 T)~' (3) 

where m is the electron mass, .v the sound 
velocity, e 0 the dielectric constant, k Boltz¬ 
manns constant, T the lattice temperature, 
e the electron charge and r the momentum 
relaxation time for phonon scattering. In 
our case we use a composite relaxation time 
for the two electron-phonon interactions 


[6,7]. Using this expression we find that at 
4-2°K the carrier density of 3-5xlO I5 cm -3 
is at least 4 orders of magnitude above the 
critical concentration, ft would thus seem that 
if the ETM were justified at all, it would at 
least be justified under these circumstances. 

As Fig. 1 shows, the ETM does not give a 
very good fit to the data. Of course, we have 
used the parameters with the ETM calculation 
that gave the best fit for the BES. Referring 
now to the curve; we could change the 
parameters to improve the fit of the ETM 
curve, however, it would still not give as good 
a fit as the BES solution. The ETM curve at 
high fields would still be a factor of two higher 
than the experimental data. 

But even with the above adjustment, the 
serious defect in the ETM fit is that it can 
not explain the field dependence of the ratio 
/x w ft c “‘. As we shall show below, it is the 
non-Maxwellian shape of the proper distribu¬ 
tion function that is responsible for the field 
dependence of /x w /tt c -1 . 

To show clearly the non-Maxwellian shape 
of the proper electron distribution, we refer 
to Fig. 2. In this figure the number density 
dn/dc is plotted vs. electron energy. This 
quantity is the product of the symmetric part 
of the electron distribution function and the 



Fig. 2. The number density dnldt vs. normalized energy e = tlkT 
from ETM and BES calculations for an average energy of 5-85 
kT. The lattice temperature is 4-23°K. The solid line is for the BES 
calculation; the dashed line is the ETM. The tails of the distributions 
are shown by the scale at the right. Note the scale change at 
< = 10 . 
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square root of the dimensionless density of 
states parameter e = elkT. The calculation of 
the function dn/de for the BES was outlined 
in [7]. For the ETM 

“ = ei ,/2 exp(—e,), (4) 

de 

where —tT(T*)~ l . 

Both distributions have an average energy 
of 5-85 kT\ T is 4-23°K. The electric field is 
5 V cm* 1 for the BES. There are two impor¬ 
tant differences between the two curves: the 
maximum of dn/de is shifted little from the 
ohmic value of e = 0-5 for the case of the BES 
model; whereas, for the ETM, the maximum 
is at e = 2-93. The other difference is the long 
tail on the number density for the BES model. 
This tail, which contains a small fraction of the 
free electrons, makes a large contribution to 
the current. We can understand these differ¬ 
ences in the two distribution functions when 
we consider that the mobility is determined by 
ionized impurity scattering, whereas the 
energy loss is to acoustic phonons (the elec¬ 
tron-phonon interaction is primarily via the 
piezo-electric potential). Since the ionized 
impurity scattering time increases roughly as 
the cube of the electron velocity v, the rate of 
energy gain from the electric field increases 
as roughly v 3 . The energy loss rate to the 
acoustic phonons increases only linearly with 
velocity. Therefore, electrons in the tail of 
the distribution gain energy faster than they 
lose it and accelerate to higher energy. What 
keeps the electrons from ‘running away’ is 
the deformation potential interaction. At 
energies above about 0 009 eV (~ 20 kT) 
the deformation potential interaction domin¬ 
ates and the energy loss rate increases as 
v 3 . If we had considered only ionized impurity 
scattering and the deformation potential 
e-p interaction, the distribution function 
would remain nearly Maxwellian. The long 
tail would be absent, because there would be 
no unstable,, state for the high velocity elec¬ 
trons. TM* is the reason that the electron 


temperature model works so well in german¬ 
ium. 

We now argue why the long tail on the 
distribution function produces the structure 
in the mhMc - 1 curve. The Hall mobility 
depends on the average of the square of the 
scattering time, ( r , 2 ), whereas p. c depends on 
<t,). Because t, increases with increasing 
energy, the average of r , 2 weights the tail of 
the distribution more heavily than does 
(t,). Therefore, as the tail of the distribution 
increases with increasing electric field, we 
find that ti H p. c ~ l — ( r , 2 ) ( r ,)** 2 increases. We 
can speculate that p H p-e~' decreases at high 
fields because the distribution function 
changes from one that is spread out in energy 
to one that has most of the electrons concen¬ 
trated just below the optical phonon energy. 
Since this distribution occupies a narrow 
range in energy space, approaches 

unity. 

The reason that the theoretical curves in 
Fig. 1 are not extended above about 5 Vcm -1 
is that the theory is inappropriate at higher 
fields because it predicts that a significant 
fraction of the electrons are at energies where 
scattering due to optical phonon emission 
should be important. The solid portion of the 
BES curve in Fig. 1 is for fields where 
electrons of energy greater than the optical 
phonon energy do not contribute to the 
calculated current or energy. In the region 
represented by the broken portion of the 
curve, up to 5 per cent of the total number of 
electrons can emit optical phonons. Since 
these electrons lose most of their energy and 
momentum by optical phonon emission, they 
do not contribute significantly to the current. 
We have, therefore, approximated optical 
phonon scattering in our theory by omitting 
any contribution to the current by those 
electrons whose energy is greater than the 
optical phonon energy. Of course this proce¬ 
dure is inappropriate when these optical- 
phonon-scattered electrons become a sizeable 
fraction of the total electron density. This 
approach does, however, indicate when 
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optical phonon emission becomes important. 
The experimental and theoretical terminations 
of the rapid mobility rise are in good agree¬ 
ment. This same cutoff procedure was used 
with the ETM. Since there is no long tail on 
the Maxwellian (Fermi) distribution, the 
field is higher before the optical phonon emis¬ 
sion becomes important. The electron 
temperature at this field is about 10 times the 
lattice temperature. This corresponds to an 
average energy of 15 kT, whereas with the 
BES distribution, the average energy is about 
5-9 kT when the optical phonon becomes 
important. Thus, the ETM gives a much hotter 
distribution than the BES. 

It is indeed surprising that we find such 
good agreement between theory and experi¬ 
ment when electron-electron (e-e) scattering 
is omitted. If we take the limit of e-e scattering 
strong enough to enforce a Maxwellian 
distribution then, we can not fit the data. This 
is doubly puzzling since the experimental 
carrier density is 4 orders of magnitude above 
that needed for the ETM to be justified. 

One usually considers that e-e scattering 
removes the asymmetry of the distribution. 
Since the main change in the calculated 
distribution in the high field region is an 
increase in the tail and not an increase in the 
asymmetry (the assymmetry actually de¬ 
creases), ’ e-e scattering must reduce the 
tail to be effective. This tail can be reduced if 
high energy electrons share their energy with 
low energy electrons. However, this process 
will not completely reduce the tail. Even with 
e-e scattering the long tail will persist, since 
it arises because the mean free time between 


scattering events increases faster with 
increasing energy than does the energy loss 
rate. The scattering rate for e-e collisions de¬ 
creases with increasing energy. All that we 
can conclude from this qualitative discussion 
is that the distribution is probably in between 
the BES and the ETM distributions. Since 
we found that the BES solution gave good 
agreement with experiment and the ETM did 
not, the distribution is probably closer to the 
BES than to a shifted Fermi distribution. 

SUMMARY 

On comparing the electron temperature 
model and a direct solution of the Boltzmann 
equation with experiment, it was found that 
the direct solution gave a good fit to the data 
whereas the electron temperature model gave 
a poor fit. For the experimental conditions the 
electron temperature model should have been 
valid. 
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Abstract— The free energy of a dilute magnetic alloy is obtained on the basis of Suhl's theory from 
which the temperature dependent entropy and specific heat of the system are calculated at all tem¬ 
perature ranges. The zero temperature entropy we obtain is in agreement with Zittartz’s calculation, 
which is based upon Nagaoka’s formulation, and our specific heat results are in qualitative agreement 
with the experimental data given by Daybell and Steyert. 


The specific heat of dilute magnetic alloys 
was first calculated by Bloomfield and Ham- 
ann[l] and then by Zittartz and Miiller- 
Hartmann[2], Both of the calculations are 
based upon Nagaoka’s formulation [3]; their 
results yield predictions in qualitative agree¬ 
ment with experiment, for example, Cu(Fe) 
and Cu(Cr) systems [4,5]. However, the 
temperature-dependent entropy change due to 
the presence of the magnetic impurity in a non¬ 
magnetic metal host cannot be easily obtained 
from Nagaoka’s formulation. In both of the 
above mentioned papers, the authors have 
made the entropy calculations only for T = 0; 
their results are different from each other. In 
the present note, we use Suhl’s formulation [6, 
7] to compute the entropy and the specific heat 
of a dilute magnetic alloy. This method has 
been used by Kondo[8] to obtain an expres¬ 
sion for free energy to fourth order in powers 
of J, where J is the coupling constant between 
conduction electrons and the magnetic impur¬ 
ity. For a dilute magnetic alloy, we may ne¬ 
glect the interaction between two impurities. 
It is reasonable to assume that there is only 
one impurity at the origin, then the interacting 
Hamiltonian is of the form 


‘Research sponsored by the Air Force Office of 
Scientific Research U.S. Air Force, under Grant No. 
AF-AFOSR-610-67. 


H' = J 2 {(CfcCV, - C&Cfr,) S, + Ctr C M S_ 

+ Cjf,C*,S + } (1) 

where S* and S+ are components of the spin 
operator associated with the impurity; C k(T 
and C ka are the creation and annihilation oper¬ 
ators of the conduction electrons. If we intro¬ 
duce the current density operator j„— [H\ 
C£J-, then the ground state average of (1) can 
be expressed in terms of a product of the cur¬ 
rent density operators. The current density in 
turn can be expressed by the 7'-matrix[6]: 

7V, = -<*«r|/r|0>, T ka , =~{kcr\j,\0), 

where jO) is the ground state and | kcr)~ is the 
incoming scattering intermediate eigenstate. 
On making use of the method as described in 
[7], the thermodynamic average of (1) is given 
by [8] 

<H'> =—jumjtfW+JSfS + l) JpWck (2) 

where p(x) is the density of states function, 
t(x) is the spin nonflip scattering amplitude. It 
satisfies the following coupled integral equa¬ 
tions: 

*)- f ^tHCisatatfiac (3) 

J -1 Z X 
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£ 


r(z) = 7+ dxp(x) 


r(x)t*(x)+ r*(x)t(x)— | t(x)\ 2 tanh x/2T 


z—x 


(4) 


where we choose the density of states function p(x) = p(0)Vl —x 2 , with the Fermi level at 
the center of the band. The solution for t(x ) is well known and is given by [7, 9] 


with a(x) — 4»r 2 S(S + 1) p 2 {x) 

1 —Jy(x,T) — Urrp(x) tanh x/2T 
y(x.T) = pJ p(y)dy tanhy/27^^ (6) 


1 f jc(1 + A 2 ) 1/2 -/(1-x 2 ) ],2 A 
W 2mp(x){ x(l + A 2 ) ll2 + i(l-x 2 ) ,,2 A 



In (1 + a(y) iFCy)) 2 ) 
p(y)(y-x ) 



(9) 


if we approximate tanh y/2T by +1 for y > 
27, - 1 for y < - 2T and y/2T for | y j < 2 T, 
then y(x) can be proved to have the form 

y(x.T ) = p(jr)|2 In (I 4- p{x)) - In (x 1 -AT' 1 ) 


By Feynman’s theorem, the free-energy shift 
is given by 



( 10 ) 


x . x — 2T \\ _ 

+ 27 " x + 2T\\' (7) 

At x = 0, F(x) is a function of temperature 
only. It will become divergent as the tempera¬ 
ture approaches T K ‘Kondo temperature’, from 
(6) and (7), 7* = exp (— 1 /27). It is not difficult 
to see that at T >T K , F(z ) is analytic on the 
physical sheet of the complex energy plane 
except with a cut along the real axis from —1 
to +1; however, it has a pair of complex poles 
on the unphysical sheet, at T = T K . These two 
poles meet at the origin and enter into the 
physical sheet at T <T K . From (6) the posi¬ 
tions ±iA of the poles on the physical sheet 
satisfy the equation 

1— jj dxp(x) tanhx/2T = 0. (8) 

On making use of the analytical properties of 
F(x), (5) can also be proved to have the 
expression 


Multiplying x on both sides of equation (9), 
and putting x-*■<*>, from (2) and (10), we read- 


ily have 



AF = —j 

r ; d7' 

f A 

J" 1 

0 J 

1tt( 1+A z ) ,/2 

,_L 

f> 

ln(l+flU)|F(jc)| 2 ) 

4tt 2 . 

p(x) 


01 ) 


Since A 2 « 1, if we neglect it in the denomin¬ 
ator of the first term of (11), then (11) is exact¬ 
ly the only one obtained by Kondo[8]. From 
(8), we have A = 2 exp (—1—1/7) at 7 = 0. It is 
easy to show that the first term of (11) gives 
a contribution to the ground state energy shift 
AF n> = A£ n) = —2A/n. Kondo calculated the 
second term of (11) by expanding the inte¬ 
grand in powers of 7. The fourth order free 
energy shift which can also be obtained by 
perturbation theory [9] gives a logarithmic 
temperature term 
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AF 1 * = l&r^JipHO) S(S +1) 7 In (1 IT). with respect to temperature, that is AS = —bFj 

dT 

Because of this logarithmic behavior, it gives 1 f 1 dx f 

a fourth order term to the reduction of en- AS = I -r-r j it —2tan -1 
tropy of conduction electrons '' J -i Pi f l , 

((l/J)-y(x,T))]dA(x,T) 1 f 1 dx 

AS = -Km 2 J*p*(0) S(S 4- 1) ln(l/7). A(xJ)' ) d ~ 4? J ^0 


The unperturbed entropy which comes from 
the (2S+l)-fold degeneracy of the impurity 
spin is ln(2S + 1). Whether the cancellation of 
the total entropy is complete at T = 0 or not, 
and how it varies with temperatures are ques¬ 
tions which can not be answered by expanding 
the free energy in powers of J. Therefore, one 
has to make a nonperturbative calculation for 
(11). However, the main difficulty associated 
with (11) is the complicate T and J depen¬ 
dences of A, which makes the computation 
tedious. As we will see later, it is very con¬ 
venient to substitute (5) into (2), then the free 
energy can be written as 

AF = JS(S + 1) f' p(x)dx-~J" ~ 


The integration over J' can be carried out 
easily for equation (12), the result is 


ln7’ 2 + ln[l/(|F(x)| 2 )-f- a(jc)] 

r pW 



In 0-y(x,T)) 2 +^(x,T)]^ j~y(x,T) 


where 

JL tanh JL sech 2 -i- 
d7 lA(xJ)T* IT IT 


Let us examine the entropy reduction of 
conduction elections at T = 0. It is not diffi¬ 
cult to show that the second term of (14) gives 
no contribution to the entropy as T 0. The 
contribution to the first term of (14) is essen¬ 
tially coming from the integration over a small 
region near the Fermi surface. This region of 
integration is in the order of magnitude T. At 
7 = 0, it is very easy to show that (14) be¬ 


comes 


AS(7 = 0) = lim— f* 

T-o 4J _ i A(x,T)T* 





x tanh — sech 2 — 

27 27 

with the change of variable y — x/27, and per¬ 
form the integration, one has 

AS(7 = 0) = —(2S + 2) ln(2S + 2) + 2S In 2S 


x ln[(j-y(x,7)) 2 +^ 2 (x,7)]+|ln(j)-|J -2(2S + l)ln(2S+1). 

(13) This is exactly the result that Zittartz and 
Miiller-Hartmann obtained for the entropy 
where A(x,T) — [a(x) + nV(*) tanh 2 x/27j 5/2 . reduction at 7 = 0. Here we have also done 
The entropy shift of conduction electrons can the numerical computations for AS at finite 
be obtained by taking the derivative of (13) temperatures. The results are shown in Fig. 1 
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for three different Kondo temperatures, where 
we put the Boltzmann constant K H = 1, Fermi 
energy e F = 1, and the impurity spin S = i. 
AS is in the unit of Af s /atom. From Fig. 1, we 
readily see that the entropy reduction be¬ 
comes bigger and less dependent on the coup¬ 
ling constant as the temperature gets lower. At 
T = 0. AS = -0-523. it is a coupling constant 


independent quantity. For spin i impurity, the 
unperturbed entropy is equal to In 2(= 0-69). 
Hence, the entropy shift of the conduction 
does not completely compensate the entropy 
due to the degeneracy of the impurity spin 
states. 

The specific heat can be obtained by doing 
the calculation of C v = T dAS/dT 



Fig. 1. Variation of the entropy shift AS as a function of temperature. For 
curve a. the Kondo temperature T„ is set equal to 1-234X I0~ 4 . For curve 
b, 7'* = 4-539 X 10For curve c. T K = l-013x 10 5 . The impurity spin 
S = i for the three curves. 



Fig. 2. Variation of the specific heat C„ as a function of temperature. For 
curve a, the Kondo temperature T K is set equal to 1-234 x 10' 4 . For curve 
b, T k = 4-539 x 10-V For curve c. 7* *f"t-013 x I0~ 5 . The impurity spin 
S = i for the three curves. 
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„ 1 f dxf - 

C„ = 2 TTl v ~ 2tan 

4rr 2 J p(x) [ 


(W-yix 


A(x 

n 


Y(x, 7)) j jd 


PA(xJ) 

dr 2 


dx 

fd/f 2 (x,7) T d 


d7 d7 

p(x ) 

[ y4 2 (x.7) + (1/7 

— (x,T)) 2 


+ 


dx 


r(h«T>)(^y 

27 r 2 J_, p(x) /1 2 (x,7) + (1/7-y(x,7)) 2 

>)] 

■ln[(j- v (x,7)) 2 +/! 2 (x,7)] 

-if, 


(l/7)-y(x.7) 


(l/J-y(x,T)) 2 +AHx,T)~ 


05) 


with 


_ ^VC*) * 2 tanh , JL sech 2 JL 

d7 2 ~ 4A 3 (x.T)T 4 27 secn 27 


I 

Z4(x,7) 


tanh sech 2 ^ 
7 3 2 7 2 7 


— iu S e ch 2 — + sech 4 —] 

74 27 47 <scu 271 


d 2 

d7 2 



27—x 
27 + x 


+ 4 


27 2 —x 2 ) 
4P —x 2 )' 


We have done the numerical computation for 
(15) for three different Kondo temperatures; 
the results are shown in Fig. 2. The feature 
of our numerical results seems in qualitative 
agreement with Cu(Fe) 4 and Cu(Cr) 5 data are 
the shape of the C„ curve and the position of 
the C„ peak at 7 Max ~ 1/3 T K . The height of 
the C v peak seems independent of the coupling 
constant 7. 
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Abstract— Electrical resistivity, thermoelectric force and dielectric losses has been measured on Li 
doped MnO as a function of temperature. We have found that the slopes of logp and a vs. 1 IT are 
quite different which can be explained by a hole mobility increasing exponentially with temperature. 
The depth of the Li acceptors is about 0-4 eV, the activation energy of the mobility of holes is about 
0-3 eV. The movement of holes around a Li-ion is also thermally activated. The small polaron charac¬ 
ter of the holes is thought to be connected with Jahn-Teller deformations caused by the holes. 


INTRODUCTION 

Besides the problem of why NiO, CoO and 
MnO are semiconductors and not metals, 
even the question of how electrical conduc¬ 
tion takes place has not yet been resolved. 
Charge carriers may move in some sort of a 
narrow band or, in terms of Holstein’s theory 
[1] be small polarons, more or less strongly 
coupled with the lattice. Numerical calcula¬ 
tions on Holstein’s small polaron theory [2] 
indicate that only a large coupling constant 
will make it possible to decide from combined 
Seebeck effect—and resistivity measurements 
whether the charge carriers move thermally 
activated through the lattice. We have there¬ 
fore studied the properties of p-type MnO 
for which a strong coupling constant can be 
expected, on account of the Jahn-Teller 
deformation of the high spin 3 d* state of the 
hole (Mn 3+ ). 

MnO has been the subject of several in¬ 
vestigations. Some of those referring to elec¬ 
trical properties will be listed below. The 
electrical conduction in Li-doped MnO was 
first discussed by Heikes and Johnston [3]. 
From conductivity measurements near room 
temperature it was decided that the large 
temperature coefficient of the resistivity could 
be explained by a thermally activated diffu¬ 
sion of holes. Miller and Heikes [4] felt that 
this model was supported by mechanical 
loss measurements performed at low frequen¬ 
cies on Li*Mn ( - f O samples. Hed and Tann- 


hauser[5] concluded from combined electrical 
and thermogravimetric measurements on MnO 
at high temperatures to a thermally activated 
mobility of holes, the activation energy being 
0-37 eV. The oxygen pressure was varied 
between 10“' and 10 _I8 atm, the temperature 
between 1400 and 1800°K. They constructed 
a phase diagram which was used in our 
investigation. 

Hall effect measurements were performed 
by Nagels and Denayer[7] on lightly doped 
single crystals of MnO. The Hall mobility 
of the holes varies from 5. 10~ 3 -8. 10~ 3 
cm 2 /Vsec when going from 150 to 500°C. 
They concluded that the decrease of the 
resistance on going from 20 to 800°C is almost 
entirely due to the increase of the charge 
carrier concentration. The Hall measurements 
are in agreement with those obtained on poly¬ 
crystalline samples [8]. A study of Ali, 
Fridman, Denayer and Nagels[9] includes 
measurements on the thermoforce of slightly 
doped single crystals, treated at 800°C in 
atmospheres with different oxygen concentra¬ 
tions. Again it was concluded that the increase 
of the conductivity with temperature is almost 
completely determined by the increase of the 
charge carrier concentration; that treatment of 
the crystals in atmospheres containing oxygen 
as well as radiation with neutrons, introduces 
donors in MnO and that the acceptor level lies 
0-64 eV above the valence band. 

We have investigated the temperature 
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dependence of the Seebeck coefficient and the 
resistivity in the temperature region 200- 
1400°K and also the dielectric properties of 
the Li centre at low frequencies (10 s — 1 O' 2 Hz) 
and low temperatures (300-77°K). 

Sample preparation 

MnO was prepared by decomposing MnC0 3 
for some hours in a mixture of hydrogen gas 
(25 per cent) and nitrogen gas (75 per cent) at 
800°C. Li doped MnO was obtained by heat¬ 
ing an intimate mixture of Li 2 C0 3 and MnO 
at 800°C, for 2 hr in technical nitrogen (con¬ 
taining about 100 ppm oxygen), and 1 hr in a 
mixture of H 2 and N 2 . After milling, the Li- 
containing MnO powder was pressed into 
disks and bars, packed in platinum foils and 
fired at 1200°C for 24 hr in Al 2 O a boats in a 
CO/C0 2 mixture. In order to prevent donors 
(e.g. Li compensated by oxygen vacancies) 
the C0/C0 2 ratio was chosen so that at 
1200°C [V Mn ] was of the same order of magni¬ 
tude as [Li]. The oxygen pressure amounted 
to 10~ 6 -10~" atm. To prevent oxydation the 
CO/C0 2 mixture was sometimes replaced by 
a H 2 /N 2 mixture when cooling below 1000°C. 
This did not influence the measurements 
however. 

Single crystals were prepared in two ways. 
In the first one a molten zone was drawn 
through a sintered bar. The molten zone was 
obtained in the manner of Kooy and Couwen- 
berg[10] by focussing light from a Xenon arc. 
H 2 /N 2 gas flowed rapidly around the sample 
to prevent precipitation of evaporated MnO 
on the quartzglass tube surrounding the MnO 
bar. In reducing atmospheres beautiful 
whiskergrowth on the rods was observed. 


Crystals were also obtained by the Verneuil 
method. A gas mixture of 1 1/min oxygen and 
4 1/min hydrogen was used. The MnO powder 
was doped with Li. Finally the crystals were 
heated in a C0/C0 2 atmosphere at 1200°C. 

The ceramic samples had a density of 90-95 
per cent of the ideal value. No second phase 
was observed on polished samples. The 
crystals prepared with the floating zone 
technique were of a poorer quality than the 
Verneuil crystals. Polished samples of both 
types of crystals show Mn 3 0 4 as small isolated 
isles in the MnO. The presence of such 
Mn 3 0 4 inclusions were reported by Loh and 
Newman[l 1]. 

The main impurity in the ceramic samples is 
Si introduced during milling. Later on it was 
found that the samples contain also carbon to 
an amount of 50 weight ppm, making the accur¬ 
ate determination of the Mn 3+ concentration 
by chemical methods impossible. Table 1 
gives a survey of the analysis. The crystal 
was not analysed. Dielectric measurements 
showed the presence of Li, the concentration 
being < 01 at per cent. 

Measurements 

Contacts on the samples were made with 
painted Pt from Degussa for high temperature 
resistivity and thermoelectric measurements. 

At low temperatures painted silver contact^ 
were used for dielectric measurements and 
In Hg contacts for resistivity and thermo¬ 
electric measurements. 

Resistivity was measured on bars and disks 
using four electrodes. At low temperatures 
the Seebeck coefficient was obtained by 
measuring the thermal e.m.f. and the tempera- 


Table 1 


Marking Sample [Li f ] [Mn 3 ‘] Impurities 

at % at % (wt. %) 


t) ceramic 0 03 0 001 Si; 0 001 He; 0 004 Na 

O ceramic 0 1 0-09-0-05 0-003 Si; 0-001 Fe; 0-003 Na 

9 ceramic 5 6 0-1 Na 

• crystal <0-1 ' — — 
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ture difference between two copperblocks to 
which the MnO sample was soldered. Above 
room temperature bars were clamped between 
Pt blocks and thermocouples were mounted in 
holes near the ends in the sample. 

For the dielectric measurements at low 
frequencies (< 1 Hz) the current through and 
the voltage over the specimen were directly 
recorded as a function of time. Changes in the 
phase difference were calculated by a least 
square analysis. The loss angle at 77°K was 
put equal to zero. 

RESULTS 

Figure 1 shows the temperature dependence 
of the resistivity of different Li x Mn,_ x O 



Fig. J. Log resistivity as a function of reci¬ 
procal temperature for MnO containing 
different amounts of Li. # Single crystal; 
C> 0-03 at per cent Li; O 0-1 at per cent Li; 
®5at percent Li. 


samples, 3 . 10~ 4 < x < 5.10~*. Because the 
possible influence of Mn 3 0 4 is discussed, the 
resistance of a sample of Mn 3 0 4 to which 
0-02 wt. per cent Li was added, is included 
in Fig. 1 (dotted line). 

Near room temperature a.c. measurements 
were carried out in the frequency range 20 
kHz-2 MHz. The a.c. resistivities do not 
differ from the d.c. values. Near room tem¬ 
perature thin insulating layers are not present. 

The value of the resistivity and its variation 
as a function of temperature are in agreement 
with measurements done by Nagels et al.[ 7] 
and Ali et al.\ 9], 

Figure 2 presents thermoelectric measure¬ 
ments as a function of temperature on the 
same samples as mentioned in Fig. 1. Partial 
oxidation of a sample Li x Mn,_ x O with x — 
10~ 3 to Mn 3 0 4 in C0 2 at 1000°C for 1 hr did 
not change the Seebeck coefficient and the 
resistivity at room temperature, a increases 
for all samples when T decreases. This 
behaviour is in disagreement with that 
reported by Ali et «/.[4]. They find a Seebeck 



Fig. 2. Thermoelectric power in units 
(2-3 kle) vs. reciprocal temperature of 
MnO containing different amounts , 0 1 
Li. Markings as in Fig. I. 
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coefficient which is almost independent of 
temperature. We have no explanation of the 
lack of agreement between the two sets of 
measurements. 

In earlier publications [12,13] it was 
shown that holes in Li,Mni_jO as well as 
in Li x Co,_ x O, bound at low temperatures 
to a Li + ion, move thermally activated around 
it. Figure 3 shows the temperature dependence 
of the relaxation time of the Li + -Mn 3+ and 
Li + -Co 3+ dipoles at low temperatures. 

DISCUSSION 

The curves of logp-l/T and a-lIT attract 
attention by not running parallel. This 
behaviour is different from what has been 
found recently for NiO and CoO. The first 
question is whether this is an intrinsic 
property of MnO or that it has to be ascribed 
to inhomogeneities (barriers, second phase 
etc.). Three observations are against inhomo¬ 
geneities: 

(1) The difference in slope is found in single 
and polycrystalline samples. 

(2) The presence of thin isolating layers 
between the grains of the polycrystalline 
samples does not appear from a.c. measure¬ 
ments. 

(3) Thin conducting layers between grains 
or on the surface of the crystals, having a 
conductivity comparable to that of the bulk 
are improbable because of the high specific 
resistivity of Mn 3 0 4 . This is confirmed by the 
specimen which was treated in a much higher 
oxygen pressure than the other specimens, 
where Mn 3 0 4 was distinctly present, but 
which still showed the same thermoelectric 
force and electrical resistivity at room 
temperature. 

When the difference in slope is looked upon 
as an inherent property of the material, it 
still has to be decided whether electric trans¬ 
port is brought about by one single or by two 
types of charge carrier. Intrinsic conductivity 
at lovMemperatures is ruled out by the large 
band gaff (3f MnO. In NiO impurity conduc¬ 
tion kwifeVs the electrical resistivity and the 


thermoelectric force, the more so at higher 
acceptor concentrations. Indeed we find for 
MnO a low thermoelectric force, which 
decreases when the dope increases, not faster 
however than expected from the increase of 
the number of holes in the valence band. 
Neither does the electrical resistivity bend 
down at low temperatures. 

Impurity conduction was not found in Li- 
doped CoO [14], The movement of a hole 
around a Li ion is hampered by a barrier which 
must be overcome by thermal activation. It is 
likely that this barrier also prevents charge 
carriers jumping from one Li centre to another. 
As the movement of holes around Li ions in 
MnO also needs a thermal activation[ 11 ] we 
do not expect impurity conduction in MnO. 

It appears therefore that none of the known 
corrupting effects can be invoked to explain 
the difference in slope of logp and a and we 
feel inclined to hold one single type of charge 
carrier responsible for the observed behaviour. 
The immediate consequence is that the 
mobility of the holes is strongly dependent 
on temperature. The measurements, partic¬ 
ularly those obtained on MnO doped with 
0-1 at. per cent Li, will be analysed in the 
following from this viewpoint. 


Thermoelectric force 

The thermoelectric force of holes only is 
given by [15] 




The temperature dependence of a is mainly 
determined by the temperature dependence 


*The following symbols have been used: p specific 
resistivity; a thermoelectric force: T temperature; k 
Boltzmann’s constant; e electronic charge; E f Fermi 
level; A transport term connected with the kinetic 
energy of the free holes; N v density of states of the 
valence band or level; p, N 0 concentrations of free 
holes, acceptors and donors respectively, E A ionisation 
energy of the acceptor with respect to the valence 
level; g degree of degeneracy; p mobility of holes; q the 
activation energy of the movement of holes through the 
lattice; r relaxation time of a hole near a Li-ion; a the 
lattice constant of MnO. 
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Fig. 3. LogT of Lij.Mn,_ x O (O) and Lij.Co,_j.O (A) as a function of reciprocal 
temperature, x = 10~ 3 . 


of the concentration of holes. For low doped 
samples and below 500°K, a-1 IT is a straight 
line with a slope of 0-2 eV. This activation 
energy represents E A or E A I2. In Fig. 4 eaT 
is plotted as a function of T. When A = 0, 
eaT gives the Fermi level E y . eaT increases 
with increasing T over the whole temperature 
region measured. Such behaviour can be 
expected for a heavily compensated semi¬ 
conductor or for a semiconductor with a very 
low compensation. In the first case 

eaT = E a - kT(li i +AkT. 

A positive slope can only (disregarding AkT) 
be obtained when No > NJ 2 and N r , must 
be almost equal to N A in order to obtain the 


high slope observed in Fig. 4. For T -* 0, 
eaT E a . In the other case (low compensa¬ 
tion. p > N D ) eaT is given by 

eaT = EJ2 + W In N V /N A +AkT. 

For T -*■ 0, eaT -* EJ2. With decreasing 
temperature p will ultimately become lower 
than Nd and eaT is expected to change its 
slope and to point to E A . That this is not seen 
in Fig. 4 implies that even at 200°K p is still 
larger than Nd. (The high resistivity makes 
measurements of a at still lower temperatures 
impossible). 

We believe that MnO is not heavily com¬ 
pensated for the following reasons: 

(1) Chemical analysis shows that the 
impurity content is lower than the dope 
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Fig. 4. eaT as a function of temperature for the MnO sample containing 0-1 at. 
per cent Li. The dotted line has been calculated, see text. 


concentration by at least a factor of ten. 
Active oxygen analysis gives an oxygen con¬ 
centration too high for N„ « N A . 

(2) A high degree of compensation will 
exhaust the acceptors at relatively low 
temperatures, which is not observed. 

(3) The height of the dipole losses is in 
agreement with the assumption that N A holes 
jump from one Mn nearest neighbour of a 
Li ion to another. 

Thus we decide that compensation in 
Li^Mni-jO is low and that the acceptor depth 
is about 0-4 eV for x = 10~ 3 . 

Comparison of p and a 

At 1000°K the conductivity is proportional 
to the Li concentration. Above I000°K 
ionization of Mn vacancies as well as the 
onset of intrinsic conduction causes a sharp 
decrease of the resistivity of the low doped 
samples. Assuming that the Li + -Mn 3+ accep¬ 
tors are fully ionized at I000°K, we obtain 
the value of 0.01 cm 2 /Vsec for the mobility 
at that temperature. 

The temperature coefficient of logp is 
larwrJMin that of a. Since p = 1 /(pep,) the 
md^^^hust increase rapidly with tempera¬ 


ture. The temperature dependence of p can 
be determined by subtracting logp from«: 

- log p = log ( eN r e A ) + log p 

as the first term of the right hand side will be 
nearly independent of temperature. 

A mobility increasing rapidly with tempera¬ 
ture is given by the small polaron theory [1] 
which predicts that p is proportional to 
7"~ 3/2 exp (—qlkT). Therefore we have, 
plotted in Fig. 5 the quantity: 

^ - logplog (1000/r). 

The curves for various dopes can, at least at 
lower temperatures, be represented by straight 
lines, the slope of which gives values of 0-25- 
0-30 eV for the activation energy of the 
hopping process. At higher temperatures the 
slopes of the mobility curves of the low doped 
specimens decrease and converge to a single 
value at 1000°K. It is remarkable that the 
Hall mobility too flattens down in the same 
temperature region [8]. With the value of p 
at TOOO°K. 0-01 cm 2 /Vsec. for the quantity 
N v e A the value 10 23 /cm 3 is obtained. Assuming 
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Fig. 5. Temperature dependence of the difference between 
the thermoelectric power in units (2-3 kle) and log resis¬ 
tivity after correction for T 3n . In the small polaron theory 
the slope of this plot gives the activation energy of the 
hopping process. To obtain the mobility one has to sub¬ 
tract {log (eN„ r A ) - 3/2 log 1000 /T } from the value of the 
ordinate. Markings as in Fig. 1. 

A = 1, N v comes near the number of Mn ions 
per cm 3 (= 0-46 x 10 23 ). The degree of com¬ 
pensation can also be calculated. Between 
1000 and 200°K the mobility changes by a 
factor of 10 s whereas the specific resistivity 
changes by a factor of more than 10*. This 
means that the number of free holes at 200°K. 
is less than 10~ 3 of the dope and since p is 
greater than N d at that temperature, the 
degree of compensation is also less than 10 -3 . 

For the mobility at room temperature the 
value 3.10~ s cm 2 /Vsec is obtained. 

Note 

At low temperature, when the contribution of intrinsic 
conduction can be neglected, the concentration of holes 
is determined by the relation 

p(p+N„)l(N 4 -Nv-p) = NJgexp(-^j. 

With E a = 0-4 eV; N A = 4-6. W/cm 3 ; N„ = 4-6 . 10 15 / 
cm'; N,, — 4'6 . l(F 2 /cm 3 ; g = 1 and A — I, eaT has been 
calculated as a function of temperature. This curve is 
included in Fig. 4. 

It is sometimes suggested that for a small polaron con¬ 
ductor A =0. (See for instance Austin and Mott [19]). 


We can on the other hand manipulate with the degree 
of degeneracy g. This factor takes into account the 
number of ways a hole can be exchanged between the 
valence level and the acceptor level. Because Li is 
surrounded by twelve Mn 'Ions, each of which may be 
able to accommodate a hole in a number of ways, the 
value of g may be quite large. 

The influence of g vanishes nearly at high temperature 
when all the acceptors are ionized; only a factor two, due 
to spin degeneracy of the valence level remains. For 
instance a curve calculated with the same set of numbers 
as above but now with A = 0 and g — 48 coincides with 
the experimental one from 200-900“K. 

HALL EFFECT 

In MnO the Hall mobility of holes varies 
from 3 .10~ 3 to 8 .10 _3 cm 2 /Vsec when going 
from 350-750°K. This is greater than the 
drift mobility determined in the preceding 
sections. Holstein and Friedman[16] have 
considered the Hall effect of the small polaroa 
They predict that the Hall mobility of a small 
polaron is greater than the drift mobility, 
particularly so at low temperatures because 
the temperature dependence of the Hall 
mobility is smaller. 

Thus the Hall effect measurements do not 
contradict the postulate that MnO is a small 
polaron conductor. 

POLARON BAND 

Holstein [1] predicts that at low tempera¬ 
tures small polarons do not move by the hop¬ 
ping process but move in a narrow band, the 
small polaron band. 

The consequence is that below a certain 
transition temperature T t the mobility starts 
to increase again. Such an increase is not 
found down to 200°K. 

A transition from hopping to tunnelling is 
also expected [17] for the movement of holes 
around the Li + ions at low temperatures. 
Measurements of dipole relaxation can be 
carried out at lower temperatures than d.c. 
conductivity measurements when low fre¬ 
quencies are used. In Fig. 4 the relaxation 
time r for Li x Mn 1 _. r O and Li x Coj_ x O is plotted 
as a function of 1/7'. In the whole temperature 
region the movement of holes around the Li 
ion is thermally activated. 
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Nothing in this figure indicates the occur- 
* rence of tunnelling processes. The mobility 
of holes around a Li + ion is smaller in MnO 
than in the lattice. The relaxation time at 
200° K is * 10~* sec, which corresponds to a 
mobility 

M = IT ‘ t * 7 ' 10 10 cm ’ /Vsec 

whereas the extrapolated value of the drift 
mobility is 1-6 x 10 _7 cm 2 /Vsec, In MnO the 
activation energies of the mobility around the 
Li ion and in the lattice are about equal 
(0-3 eV). 

final remarks 

MnO has rather remarkable electrical 
properties, n-type MnO [18] which we did not 
investigate further because of the poor quality 
of our samples, has a Hall mobility of 10 cm 2 / 
Vsec at high temperature and shows an in¬ 
crease of it up to 20-40 cm 2 /Vsec at room 
temperature, p-type MnO however has only 
a mobility of 0 01 cm 2 /Vsec at high tempera¬ 
ture, which is also much smaller than the 
mobilities of holes in CoO (0-3 cm 2 /Vsec) and 
NiO (0-5 cm 2 /Vsec). In contrast to these 
latter two oxides the electrical transport 
properties of p-type MnO indicate a thermally 
activated mobility of holes. 

We suggest that the difference between 
CoO and NiO on the one hand and MnO on 
the other is caused by Jahn-Telier deforma¬ 
tions brought about by holes in MnO (high 
spin 3 d* configuration). The interaction 
between holes and lattice may therefore 
be larger in MnO than in CoO and NiO. 

The small polaron mechanism is at present 
not very much in vogue therefore we consider 
our interpretation with some misgivings. It is 
known that the thermoelectric force is very 
much susceptible to influences that lower its 
value. Although known influences, such as 
thin cgjMucting layers and impurity conduc- 
ti gagtf o not seem to work, the present results 
cwai^lso be considered to bring to light a 


hitherto unknown influence on the thermo¬ 
electric force. The more so as the thermo¬ 
electric force as a function of 1/7 keeps the 
same slope down to the lowest temperature 
we measured. This makes it impossible to 
determine the degree of compensation, only 
an upper limit can be given which turns out 
to be remarkably low (< 10“ 3 ). We are not 
reassured by Heikes et a/.[3] since their 
conclusions are based on resistivity measure¬ 
ments near room temperature only. Nor are 
we comforted by the results of Hed et al.[ 6] 
because they find a large hopping energy 
(0-57eV when corrected for l/T 3 ' 2 ) at high 
temperatures, while our activation energy if 
present at that temperature is much smaller. 
The number of holes has been determined 
from gravimetric measurements on the 
assumption that the V Mn are fully ionized. 
The Hall effect measurements at high tempera¬ 
ture do not support this assumption however 
[8]. Hall effect measurements, not being in 
conflict with our interpretation, are as a 
matter of fact the main reason why Nagels 
et al.\l ] and Ali et al.[ 9] rejected the hopping 
mechanism. Nevertheless all this is not 
sufficient to change our opinion and we feel 
that the evidence amassed in this investiga¬ 
tion suggests strongly that p-type MnO is an 
orthodox hopping semi-conductor. 
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Abstract —In the Ca 2 Fe a _ x Al x O s system there are two different spin orientations associated with the 
two different crystal structures. The occurrence of the different magnetic structures, one in magnetic 
space group Pcm'n', the other in Ic'm'm 1 . depends on both x and temperature; increasing both x and 
temperature tends to favor the Ic'm'm 1 structure. Similar to the case of the CaFe a - x Cr x 0 4 system, 
investigated by Corliss et al.. there is a large region of x and T in which the two structures appear to 
coexist, even though the transition from one structure to the other should be first order. In the 
Ca^Fe.;..* Al x 0 5 system a discontinuous 90° spin flip apparently occurs. 


1. INTRODUCTION 

At room temperature, there are two different 
crystal structures[l] in the system Ca 2 Fe 2 _ x - 
AI x O r „ 0 =s x *= 1 -36. According to Smith11 ], 
for 0 s» x «£ 0-66 the structure belongs to 
space group Pcmn while for x > 0-66, it 
belongs to lemm. Crystals of Ca 2 Fe 2 O s have 
equal numbers of Fe 3+ ions in octahedral and 
tetrahedral coordination[2]. While the struc¬ 
ture in Icmm has not been worked out in 
detail, it is closely related to that in Pcmn and 
also contains equal numbers of Fe 3+ ion sites 
of octahedral and tetrahedral coordination. As 
in the case of the Al 3+ ion substituted yttrium 
iron garnets[3]. the Al 3+ ions prefer (but not 
exclusively) tetrahedral sites in this system 
[1,4,5]. 

The magnetic structure of Ca 2 Fe 2 0 5 has 
been determined both by Mossbauer spectro¬ 
scopy^,?] and by neutron diffraction[8]. The 
inter- and intrasublattice superexchange 
interactions are antiferromagnetic and the 
spins on both sublattices are parallel to the 
crystallographic c-axis (c < a < b). The most 
probable magnetic space group is Pcm'n'. 
Subsequent investigations by others have all 
confirmed this structure[9-11], 

We have recently determined [5] the mag¬ 
netic structure of Ca^eAlO.; and found that it 


differs significantly from the Pcm'n' structure. 
While the nearest neighbor superexchange 
interactions remain antiferromagnetic, the 
spins on both sublattices are oriented parallel 
to the crystallographic a-axis and the most 
probable magnetic space group is Ic'm'm'. 

One purpose of the present investigation was 
to determine how the spin orientations cor¬ 
related with the crystal structures in the 
Ca 2 Fe 2 _ x Al x 0 5 system. 

Recently, there has been considerable 
interest [12,13] in the reorientation of the 
Fe 3+ ion spins in some orthoferrites. The two 
crystal structures existing in the Ca 2 Fe 2 _ x - 
A1 x 0 5 system are related to that of the ortho¬ 
ferrites [6,10]. We have shown [13] that the 
spin reorientation in ErFeO., is a continuous 
and coherent rotation of the Fe 3+ ion spins. In 
the Ca 2 Fe 2 _ x Al x 0 5 system, the spin reorienta¬ 
tion depends both on composition (x) and on 
temperature. Our results indicate that in this 
system, a discontinuous spin reorientation 
mechanism is most probable. 

2. EXPERIMENTAL 

Single crystals of Ca 2 Fe 2 _ x Al x 0 6 with 
compositions x = 0-60, 0-72 and 0-86 were »» 
grown by the Kyropolus technique. A melt 
contained in an RF heated Pt crucible was 
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allowed to nucleate on a suspended Pt wire. 
After nucleation occurred, the temperature 
was kept constant for several hours while the 
crystallites grew into the melt. The crystals 
were then removed from the melt and slowly 
cooled to room temperature. 

The crystals grew in thin plates parallel to 
the ac plane. They were mechanically polished 
to ~ 5 mil and oriented with Buerger preces¬ 
sion camera X-ray photography. Powder 
X-ray diffraction photographs were taken of 
material adjacent to the single crystal used to 
determine the spin directions. By comparing 
these photographs with those of powder 
specimens of precisely known compositions 
prepared by solid state reaction techniques, 
the nominal composition of the single crystals 
was confirmed to be the same as those of the 
melts to within x = ±0-01. A careful examina¬ 
tion of the photographs also indicated that 
while some compositional gradient did exist in 
the single crystals, it was probably not more 
than * = ±0-02. High temperature powder 
X-ray diffraction photographs of Ca 2 Fe 2 0 5 
were taken with a Bond camera[14] built in 
this laboratory. 

Mossbauer spectra were taken on an auto¬ 
mated mechanical constant velocity spectro¬ 
meter in the transmission mode. Two sources 
of 14-4 keV ( 57 Fe) resonant radiation were 
used; a single line source of 57 Co in Cu and a 
linearly polarized gamma ray source of' 7 Co in 
a thin foil of a-Fe. The 57 Co in a-Fe source 
was magnetized in the plane of the foil by a 
small (~ 0-5 kG) permanent magnet and the 
gamma ray propagation direction, k, was 
perpendicular to the source magnetization 
direction, H. v . Both sources were always at 
room temperature (23°C). For some experi¬ 
ments with single crystal absorbers, a magnetic 
field of 1 • 1 kOe was applied in the absorber ac 
plane; the absorber magnetization direction is 
H^. Temperatures below and above room 
temperature were obtained with the absorber 
in a Dewar (Au-2-1 at.% Co thermocouple) or 
a small vacuum oven (Fe-Constantan thermo¬ 
couple) respectively. 


3. RESULTS 

The spectra of three single crystals near 
liquid helium temperature taken with the single 
line source are shown in Fig. 1. The bar 
diagram indicates the approximate positions 
of the hyperfine components associated with 
the octahedral and tetrahedral sublattices as 
previously established [4,6], The strong in¬ 
tensity of the Am = 0 lines in all these spectra 
indicates that the spins on both sublattices of 
the three specimens lie in or near the ac plane. 

To determine the spin directions within the 
ac plane, we have employed the same tech¬ 
nique used previously in the Ca 2 Fe 2 0 5 [ 7 ] and 
Ca 2 FeAl 0 5 [ 5 ] cases. Sets of spectra with k||b 
and with both H s ||a and H 5 ||c were obtained at 
several temperatures for the three single cry¬ 
stals. In particular, for x — 0-60, spectra were 
taken at 15, 296, and 403 K; for x = 0-72, at 
10.100, 150, 200, and 296 K; and for jc = 0-86, 
at 8 , 150, and 200 K. In Fig. 2 we show, as a 
representative example of these spectra, the 
data obtained near liquid helium temperature 
for x = 0-72 and x = 0-86. We use the notation 
of [7] to identify the absorption lines: the 
source lines are identified by roman characters 
in order of ascending energy, while the absor¬ 
ber lines of the individual sublattices are 
identified by Greek characters in order of 
ascending energy; [ ] and ( ) indicate the- 
octahedral and tetrahedral sublattices, re¬ 
spectively. Thus the absorption lines at about 
— 13-6, — 12-1 and + 13-9 mm/sec result from 
[Fa], (Fa), [Atj], and (A 17 ), respectively (the 
latter two are superimposed). The spectra in 
Fig. 2 of the * = 0-72 sample clearly indicate 
that the spins on both the octahedral and 
tetrahedral sublattices in Ca 2 Fe,. 2 H Al 0 72 O 5 
are parallel to c at 10 K. However, the inten¬ 
sity of the four absorption lines [Fa], (Fa), 
[Atj], and (Arj) in the x = 0-86 sample are 
nearly equal (see Discussion). 

The intensities of the [Fa] and (Fa) lines 
were also measured as a function of angle 
between H s and a(kj|b). Examples are given 
in Fig. 3. 

Results of the present magnetic phase 


/ 
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Fig. 1. Mossbauer spectra taken with a S7 Co in Cu source (23°C) and single 
crystal CajFej-xAljOs absorbers with k||b for specimens with: x = 0-60 
(15 K). x = 0 72 (10 K), andx = 0-86 (8 K). 

investigation together with those of earlier magnet phase boundary (Fig. 4) were deter- 
Mossbauer and neutron diffraction experi- mined (for specimens with x = O'50 and 0-72) 
ments on Ca^FejOs and Caj;FeA10 5 are as described previously[15]. 
shown in Fig. 4. The Neel temperatures Increasing either x or T tends to favor spins 
(Table 1) defining the paramagnetic-antiferro- pointing in the a direction or the lemm struc- 
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Velocity (mm/sec) 

Fig. 2. Mossbauer spectra taken with a '"Co in a-Fe source 
(23°C). H s 1 k. and single crystal Ca 2 Fe z _.,Al. r () 5 absorbers 
with k||b for specimens with: x — 0-72 (10 K) and x = 0-86 
(8 K). Orientation of H. s is shown in figure. 

Table 1. Neel temperatures in the 
Ca 2 Fe 2 .. x Al x 0 5 system 


X 

7,v<°C) 

Ref. 

000 

457 ±2 

[8.15] 

0-50 

295 ±4 

This work 

0-72 

200 ±5 

This work 

1-00 

60 ± 15 

15] 


ture. A powder X-ray diffraction photograph According to Fig. 4, in the paramagnetic 
of Ca^FejOs taken at 1125°C, well above the region the Pcmm-lcmm phase boundary 
N6el temperature, showed that it still had the should exist at 0-6 x =s 0-7. An attempt was 
Perrin structure. made to determine this phase boundary by an 
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Fig. 3. The relative transmission of the [Fa] line as a function of H. s orientation. 
The source was 57 Co in a-Fe (23°C), H s -1 k; the absorbers were CajFe 2j .AI x O, 
single crystals, k||b, 0 = 0° is defined as H,||a. (a) x = 0-72 (10K) at — 13-68 
mm/sec. (b) * = 0-86 (24 K) at - 13-53 mm/scc. and (c) ,r = 0-86 (90 K) at 
- 13-21 mm/sec (in this case H, = l-l kOe was applied at 0 = -45°). 


investigation of the quadrupole coupling and 
the isomer shift as a function of T and x in the 
paramagnetic region: Mossbauer spectra were 
taken of specimens with x = 0-0, 0-50, 0-60. 
0-72 and 1-00 at several temperatures; repre¬ 
sentative examples are given in Fig. 5. Each 
of the spectra consists of two very broad lines 
in agreement with other experimental results.* 
The two broad lines may be decomposed into 


*Wittmann[16J has reported a spectrum of Ca,FeAI0 5 
which differs significantly from those of Fig. 5 and with 
all other spectra of Ca s Fe J .. J .Al,O s in the paramagnetic 
region. We are forced to the conclusion that his inter¬ 
pretation of his spectrum is incorrect. 


two sets of quadrupole split doublets asso¬ 
ciated with (Fe 3+ ) and [Fe 3+ ]. 

Because the Al 3+ ions show considerable 
preference for the tetrahedral sites, the com¬ 
puter-fitted absorption lines are easily 
assigned to either (Fe 3+ ) or [Fe 3+ ].t The 
larger isomer shift, 8, and slightly larger quad- 

t An estimate of the actual site population was made for 
the powder specimen with x = 0-50 (which was quenched 
from 1225°C) by the same technique used previously for 
Ca,FeAI0 5 [5J. By comparing corresponding line inten¬ 
sities in a relatively thin absorber (saturation effects were 
negligible) at 5 K. and assuming equal [Fe 3+ ] and (Fe 3+ ) 
recoil free fractions, the site population is CajIFe,.*, AViol 
(F e 0 6o AImc^O v 
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Fig. 4. Magnetic phases in the Ca^e^AI^O, system. The open symbol O indicates 
spins ||c (Pcm'n'), • spins ||a (Ic'm'm'). The partially filled symbols indicate the fraction 
of spins along a and c. The Neel temperature dependence on x is indicated. 


rupole splittings (peak separation), A E u , are 
associated with [Fe 3+ ]. The difference in 
isomer shift observed at the octahedral and 
tetrahedral sites, 8„— 8, = 015 -* 0-20 mm/ 
sec, is consistent with, and seems to be char¬ 
acteristic of, the shift difference observed in 
other ferrites and garnets[17]. This shift 
difference in the CaaFej-xAljOs system has 
also been previously observed below T N 
[11,18], 

The temperature dependence of A E a and 5 
for a specimen with x — 0-60 (Fig. 6) as well as 
for specimens with x = 0-50,0-72 or 100 were 
linear within experimental error. For this 
reason, although about three times as many 
data were obtained, only representative values 
are given in Table 2. Thus, within the tempera¬ 
ture range in which the paramagnetic materials 
were studied (« 700°C) it was not possible to 
observe the effect of the Pcmn/lcmm phase 
transformation on either A Eq or 8. The results 
plotted in Fig. 4 suggest that in the paramag¬ 
netic region the phase boundary may be a 
steeply varying function of x. Thus, in the 


hope of observing the phase boundary, A E a 
and 8 were plotted as a function of x at various 
temperatures. For this purpose a straight line 
was fitted through the temperature dependent 
A E q and 8 data (as in Fig. 6) and the composi¬ 
tional dependence of A E 0 and 8 at a specific 
T was determined (Fig. 7*). These results do 
not delineate the phase boundary, unlike 
previous experience[19] in which it was 
observable from A E Q vs. T. We are forced to 
conclude that the phase transition has little 
effect on the immediate surroundings of the 
Fe 3+ ions. 

The data (Table 2) indicate that increasing 
Al 3+ ion substitution increases A E 0 somewhat 
for both Fe 3+ ion sites, consistent with pre¬ 
vious observations! 11,20,21]. 

A. DISCUSSION 

The most probable magnetic space group 
for Ca 8 Fe 2 0 8 , Pcm'n', restricts the spins on 


“Similar plots between 300 and 700°C showed a 
smooth variation of A E a and 8 with x. 
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Fig. 5. Mdssbauer spectra obtained with a 57 Co in Cu source (23°C) and 
polycrystalline Ca i Fe 1 -,Al. r O s absorbers for specimens with: x = 0-72 
(300°C), j = 0-50 (3I0°C), and x = 000 (525°C). The solid curves are a 
least squares fit by four Lorentz line shapes with the intensity, position and 
width as variables. The four decomposed curves are indicated in the 
x = 0-72 spectrum and for comparison a 'best' fit to a two line spectrum is 
shown (dashed) in the* = 0'50 spectrum. 


the tetrahedral sublattice to lie in the ac plane. 
Within experimental error (< 10°) the spins on 
both sublattices are parallel to c[7-10]. In 
Pcm'n', the c-direction is the only direction 
within the ac plane along which the spins can 
align without producing a ferromagnetic 
moment; this direction is probably preferred 


because of the large inter- and intra-super¬ 
exchange bond angles. Takeda et al.[ 10] have 
observed magnetic hysteresis in Ca^e-jOs on 
cooling the material in a magnetic field from 
above the Neel temperature. They interpret 
this as implying the existence of a weak ferro¬ 
magnetic moment parallel to a. (The effect is 
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T (°C) 

Fig. 6. Temperature dependence ofA£ u and 8 in Ca 2 Fe, 4 A1„.»0 5 . 


small and would not be observable by the 
Mossbauer technique.) The higher symmetry 
lemm structure places more restrictions on 
spin directions. The spins in the tetrahedral 
sites must point along one of the crystallo¬ 
graphic axes while the spins on the octahedral 
sublattice must be either parallel or perpendi¬ 
cular to c. 

An important problem to resolve is the 
nature of the transition from the Pcm'n' to the 
Ic'm'm' structure. The results given in Fig. 2 
for the 0-86 specimen suggest three most 
probable mechanisms: (1) a discontinuous 
spin flip from c to a at the Pcm'n'/Ic'm'm' 
phase boundary and approximately half the 
spins are parallel to a and half to c; (2) because 
the specimen is a solid solution, a continuous 


but incoherent spin rotation and the spin 
directions restricted to the ac plane having an 
appropriate distribution which, in this case 
(x = 0-86, T = 8K) is random; (3) a con¬ 
tinuous coherent spin rotation, as in ErFeO.., 
[13]*, with equal numbers of spins oriented at 
approximately ±45° to a and c. A fourth 
possibility, namely that rotation occurs con¬ 
tinuously but in magnetic space group Pcm'n' 
is quickly ruled out. It would require a large 
ferromagnetic moment at liquid N 2 tempera¬ 
ture which was not observed. 


“Our preliminary indication of the spin reorientation 
mechanism in ErFeO, published in the Collected Ab¬ 
stracts of the Eighth International Congress of Crystal¬ 
lography (Abstr. Vl-42) was incorrect. 
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Table 2. Isomer shifts and quadrupole splittings observed in several 
CajF^-x Al x O s materials 


X 

T 

(°C) 

ram/sec 

fyuJbi 

mm/sec 

AEotocD'* 1 

mm/sec 

1 AEoUetra)'* 1 
' mm/sec 

0 

525 

-0-22 

-0-39 

1-40 

1-38 


310 

-006 

-0-24 

1-50 

1-43 


400 

— 0-12 

-0-30 

147 

1-42 

0-50 

500 

-0 19 

-0-36 

1 45 

1-41 


600 

-0-27 

-0-44 

146 

1 42 


675 

-0-33 

-0-50 

144 

1-42 


275 

-0-03 

-0-21 

1 49 

1-43 


400 

-Oil 

-0-30 

148 

1-42 

0 60 

500 

-0-20 

-0-37 

1-48 

1 42 


600 

-0-28 

-0-45 

1 49 

1-43 


700 

-0-35 

-0-52 

146 

1-41 


225 

+ 0-01 

— 0-17 

1-53 

1-46 


300 

-0-05 

-0-23 

1 52 

1 45 

0-72 

400 

-012 

-0-30 

1 50 

1-44 


500 

-0-20 

-0-37 

1 50 

1-44 


650 

-0-32 

-0-49 

151 

1-43 


100 

+ 0 11 

-010 

1 56 

1-51 


200 

+ 0-04 

-016 

1-55 

149 

1-00 

393 

— Oil 

-0-31 

1-54 

1 49 


500 

— 0 18 

-0-37 

1-51 

1-47 


675 

— 0 35 

-0-53 

1-53 

1-46 


'"’Isomer shift relative to a "Co in Cu source (23 t ’C). 
‘‘"Approximate standard deviations ± 0-015 mm/sec. 


The third possible mechanism was con¬ 
sidered further. The [Fa] and (Fa) intensities 
were measured as a function of angle between 
H.s and a. Some of these results are given in 
Fig. 3. (Fig. 3c. the specimen was first mag¬ 
netized at 5 K with H,,||a, was rotated to 
0 = — 45° and the crystal was then warmed to 
90 K.) Neglecting saturation, recoil free 
fraction anisotropy and other small correc¬ 
tions, the expected angular dependence of the 
[Fa] line intensity for a colinear spin arrange¬ 
ment is[7] proportional to cos 2 a' where a' is 
the angle between H s and the spin direction of 
the octahedral Fe 3+ ion. The solid line in Fig. 
3(a) is a least squares fit to this function; thus, 
the octahedral Fe 3+ ion spins in Ca^Fej.^- 
A1 o. 72 0 5 at 10 K are parallel to c to within ±5°. 
The data of Fig. 3b show very little angular 
dependence, as expected for either of the first 


two mechanisms given above or for the third 
mechanism if several magnetic domains are 
present, so that approximately equal numbers 
of spins in the specimen are at 6 = ± 45°. 

The data in Fig. 3(c) resulted from an 
attempt to obtain a single magnetic domain 
assuming that the third mechanism applies. 
The angular invariance of these data suggests 
that the third mechanism is not correct. Of the 
two remaining mechanisms (1 and 2 above), 
we would guess that the first is the more 
likely, because it is the simpler of the two. 
Thus in constructing Fig. 4, the simultaneous 
existence of the two magnetically ordered 
phases is postulated. The situation bears 
similarity to that observed in the CaFe^Cr*- 
0 4 system [22]. In the Ca 2 Fe 2 -j.Al.rO 5 system 
the difference in crystal structure is ultimately 
observable by X-ray diffraction, i.e. when x is 
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Fig. 7. Compositional dependence of A/-. u and 8 in the Ca z Fe 2 _ r Al.,0,, system at 

T = 525°C. 


sufficiently large. In the CaFe. 2 _j.Cr.rO 4 
system, the two magnetic structures derive 
from the same crystal space group. 

Because of the large electric field gradient 
(EFG) present at the Fe 3+ ion sites in the 
Ca 8 Fe 2 _ x Al r 0 9 system, it might be expected 
that the coexistence of two magnetic phases 
would be detectable as two sets of hyperfine 
patterns in the Mossbauer spectrum of such a 
material; e.g. Ono and lto[23] have observed 
two sets of lines in the temperature region 
near the Morin transition in a-Fe 2 0 9 . An 
examination of the spectrum of the x — 0-86 
specimili^||JK (Fig. 1) shows no indication 
of more than one set of hyperfine lines per site 


although we believe that roughly equal 
amounts of both phases coexist at this tempera¬ 
ture. The explanation for this observation 
requires consideration of the internal magnetic 
field orientation at both Fe 3+ ion sites with 
respect to the EFG at these sites. A detailed 
analysis of the EFG in Ca 2 Fe 2 0 5 and 
Ca 2 FeA10 5 [24] has shown that, to within 
experimental error, the EFG at the Fe 3+ ion 
sites in all cases is axially symmetric and the 
unique principal axis of the EFG in all cases 
is parallel to b. Thus at the Pcm'n'/lc'm'm' 
phase boundary although the spins flip dis- 
continuously from a to c, the internal magnetic 
field remains perpendicular to an essentially 
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axially symmetric EFG and, to within experi¬ 
mental error, no change is observed in the 
nuclear eigenvalues. 

If indeed, there is coexistence of the two 
distinct phases in this system, and the transi¬ 
tion from Pcm'n' to Ic'm'm' is first order, Fig. 
4 does not represent a phase diagram. A true 
phase diagram requires a single line to delineate 
the phase boundary. This implies that if the 
crystals were of sufficient ‘perfection’, the 
region of coexistence would shrink to a line. 
Because the crystal structure includes the 
magnetic structure, this would imply further 
that at room temperature the Pcmn structure 
should persist to a value of x somewhat greater 
than0-66, i.e. to* = 0-70. 
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Abstract-The Fm3m ** Pm3m phase transition in the potassium and rubidium halides has been 
examined by a dilatometric method from 25°C to temperatures near the melting point. The pressure 
(Pa) and volume change (Af' [r ) measured for these polymorphic transitions were treated by method of 
least squares. Averages of P u and A Y u at 25 e were taken from this work and from data in the literature. 
These average values of P a and Ak, were used to calculate the PAY work for this transition; the 
entropy change (AS„) was calculated from the average value of A V a and the temperature coefficient, 
(dP,rldT). Data are also given for P u , A Y„ and AS U at the triple point (Fm3m liquid r* Pm3m). 
No solid-solid transition was observed in KF below 800°C and 45 kb. The following trends are noted. 
At constant pressure, the entropy change AS (Fm3m -► Pm3m) is positive for the potassium salts 
KCI. KBr and Kl: for the rubidium halides it is negative. The transition volume AF(Fm3m -» Pm3m) 
in all cases decreases as the temperature increases. 


1. INTRODUCTION 

There have been numerous investigations 
of the pressure-induced polymorphic transi¬ 
tion in the alkali halides since a transition of 
this type was first discovered in the rubidium 
halides RbBr and Rbl by Slater! 1 ] in 1926. 
Bridgman found a similar transition in RbCl 
[2] and in the potassium salts KCI. KBr and 
Kl[3]. Piermarini and Weir[4,5} also re¬ 
ported the discovery of a solid-solid transi¬ 
tion in the fluorides. RbF and KF. Jacobs[6] 
established, by high pressure X-ray diffraction, 
that the pressure-induced phase transition 
in Rbl is from the sodium chloride type struc¬ 
ture (space group Fm3m) to the denser cesium 
chloride type structure (space group Pm3m). 
Other workers[5,7-9] have shown that this 
same type of structure change also occurs in 
RbCl, RbBr, Kl and KCI. A recent report by 
Klement and Jayaraman[10] summarizes the 
work which has been carried out on the phase 
transitions in these salts. 

Most of the measurements of the poly- 

*This work was supported by the Research Division 
of the United States Atomic Energy Commission. 


morphic transition in these salts have been 
made at room temperature with the exception 
of the work by Bridgman[3], Pistoriusfl 1, 12] 
and Pistorius and Snyman[13] at tempera¬ 
tures up to 200°C. We have studied the transi¬ 
tion in the potassium and rubidium halides at 
higher temperatures by the volume dis¬ 
continuity method[14,15] to temperatures 
approaching the triple point between the two 
solid phases and the liquid phase. Data for 
the transition pressure (Ptrk the transition 
volume (F tr ) and their variation with tempera¬ 
ture have been obtained and thermodynamic 
data were derived from these experimentally 
measured quantities. These will be presented 
and discussed in this paper. 

2. EXPERIMENTAL 

(A) Materials 

The salts used in these measurements were Mallin- 
ckrodt analytical reagent grade with the exception of 
RbF which was obtained from the A. D. McKay Co. The 
fluorides. KF and RbF were dried at 300°C under vacuum 
(P < KCTorr.) for 48 hr. This was followed by treat¬ 
ment with anhydrous HF at a pressure of 1 atm for 24 hr. 
The chlorides, bromides and iodides of these alkali metals 
were heated for 24 hr under high vacuum at a temperature 
of 150°C. The dried salts were compressed into pellets 
at a pressure of — 2 kb. The fluorides, KF and RbF, were 
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handled in an atmosphere of argon in order to reduce 
pickup of water. 

<B) Apparatus 

Use of the piston displacement method for the detec¬ 
tion of phase transitions has been described by Bridgman 
[14], Kennedy and Newton[l5], and by Jayaraman et al. 

[16] . Our techniques are similar to those described by the 
above workers. However, we have extended the tempera¬ 
ture range of this piston displacement method from the 
upper limit of ~ 200°C, imposed by external heating of the 
compound cylinder apparatus, to temperatures of- )000°C 
which are attainable with use of the internally heated 
graphite furnace. In this modification the sample in the 
form of a cylinder 0-6cm in dia. by I-5 cm in length 
was placed within a cylindrical graphite furnace heating 
element within the high pressure chamber. The volume of 
the sample in this case now comprises approximately 20 
per cent of the total volume of the pressure chamber. 

The transition volume was determined by the piston dis¬ 
placement method. This technique has been used by Bridg- 
man[l4] and more recently described by Jayaraman et at. 

[17] . Usually the sample and piston have the same di¬ 
ameter; however, in the technique used here the sample 
and piston differ in diameter by a factor of two. Thus the 
sample and internal furnace apparatus must distort or 
‘flow’ in order that the volume change which takes place 
in the sample be transmitted into a displacement of the 
piston. The greater reproducibility of the A V, r measure¬ 


ments at higher temperatures, i.e. t > 200°C, is very 
probably due to the increase in the plasticity of the fur¬ 
nace parts and of the sample at these higher temperatures. 

For pressure calibration the phase transition Bi(I) ** 
Bi(ll) and Bi(ll) Bi(lll) at 25 a C were used. We find 
25-6±0-2kb and 27-3 ±0-2 kb respectively for these 
transitions. Kennedy and LaMori[18,19] give 25-38± 
0 02 kb and 27 0 ±0-2kb for these transitions in Bi at 
25°C. It was assumed that this calibration holds good at 
higher temperatures also. 

Temperatures were measured with a chromel-alumel 
thermocouple whose junction was positioned in the geo¬ 
metric center of the salt sample. No corrections for the 
pressure effect on e.m.f. were made since corrections at 
pressures below 25 kb are expected to be small, i.e. less 
than 1% for Cr-AI thermocouples [20], 

3. RESULTS AND DISCUSSION 

The pressures of this polymorphic transi¬ 
tion (P tr ) were determined upon compression 
and decompression at approximately 100° 
intervals, from 25 to 700°C and in some cases 
up to 800°C. The results for the salts KCI, 
KBr and K.1 are shown in Fig. 1; similarly, 
results for RbF, RbCl, RbBr and Rbl are 
given in Fig. 2. No phase transition was ob- 





PRESSURE (kb) 

Fig. i pv di ajw tm for the potassium halides KCI, KBr and KL 'B - melting point data of Clark (1959). □—•melting 
point data of Pistorius (1965.1966). O - Fm3m Pm3m transition, this work. 
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PRESSURE (kb) 

Fig. 2. PV diagram for the rubidium halides: □-melting point data of Clark 
(1959). ■-melting point data of Pistorius (1965. 1966), 0-Fm3m*a Pm3m 
transition, this work. 


served in KF at pressures up to 45 kb and at 
temperatures up to 800°C. 

As in the case of most solid-solid phase 
transitions [21] these salts also show a hyster¬ 
esis effect. The width of the hysteresis loop is. 
in general, less than one kilobar at tempera¬ 
tures greater than 200°C, and becomes larger 
and less reproducible at temperatures below 
200°C. We have assumed that the equilibrium 


transition pressure is the average of the transi¬ 
tion pressures obtained on compression and 
decompression. In all cases, the equilibrium 
transition pressure appears, within the experi¬ 
mental accuracy of these data, to be a linear 
function of the temperature over the interval 
200-700°C. These P tt data were treated by 
method of least squares to obtain the transi¬ 
tion pressure as a function of temperature in 
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the form 

P a (kb) = a + bt (1) 

where P a is the Fm3m <=* Pm3m transition 
pressure at a given temperature t (°C). Data 
for the constants a and b are given in Table I. 
The constant b is of particular significance 
since b = dP/dT. The values for the transi¬ 
tion pressure at 25°C reported in Table 2 were 
obtained from extrapolation of the high tem¬ 
perature data, by the use of equation ( 1 ). 

The transition volumes* (AF lr , Fm3m —► 
Pm3m) for KCI, KBr and Kl at tempera¬ 
tures between 200-800°C are shown in 
Fig. 3. Similarly, AF lr for RbF, RbCl. RbBr 
and Rbl are shown in Fig. 4. The volume 
change (Af tr ) appears to be a linear function 
of temperature at temperatures above 200°C. 
These data were also treated by method of 
least squares to obtain the transition volume 
as a function of temperature in the form 

AF tr (cm 3 /mole) = c + dr. (2) 

where AK lr is the transition volume at a given 
temperature t (°C). Values for the constants 
c and d are given in Table I. The transition 
volumes at 25°C reported in Table 3 were ob¬ 
tained from an extrapolation of the high tem- 

The transition volume vs. temperature data shown in 
Figs. 3 and 4 are not at constant pressure (except in 
the special case of KCI where df/dP = 0) but are at 
pressures corresponding to the temperatures along the 
Fm3m e Pm3m phase boundary. 



Fig. 3. A F(Fm3m -* Pm3m) vs. T for KCI. KBr and KI. 



Table 1. Constants for the temperature dependence of the 
Fm3m ?=* Pm3m transition pressure lP tr (kb)=a-t-h/] and 
the transition volume Fm3m -* Pm3m [A K tr (cm 3 /mole) = 
c + dt] in the potassium and rubidium halides 


Salt 

a 

(kb) 

* 

bx 10 3 
(kb/deg) 

c 

(cm J /mole) 

d x 10 3 

(cm 3 /mole/deg) 

KCI 

KBr 

Kl 

19-55 ±013 
18-02 ±0-28 
18-35 ±0-20 

— 0-015 ±0-256 

— 1-186 ±0-485 
-3-223 ±0-387 

— 4-13 ±0-01 

— 4-19±0-ll 

_4-44± 0 .j5 

0-830 ±0-176 
0-869 ±0-201 
1-211 ±0-295 

RbF 

RbCl 

RbBr 

Rbl 

34-37 ±0-38 
5-61 ±0-14 
4-88±0-06 
3-64 ±0-05 

+ 3-723±0-7l0 
+ 2-800 ±0-296 
+ 1-371 ±0-124 
+ l-400 ±0-l!5 

-1-84 ±0-29 
-6-%±0-ll 

— 7-47±0-18 

— 8-15 ± 0-10 

0-445 ±0-513 
2-880 ±0-269 
1-597 ±0-366 
1-920 ±0-236 



Table 2. Transition pressure (P a . kb) for the Fm3m <=* Pm3m phase change in the potassium and rubidium 

halides at 25°C 
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perature data by use of equation (2). The 
pressure-temperature coordinates of the 
Fm3m & liquid <=* Pm3m triple point for 
these salts were determined from the inter¬ 
section of the melting curves of the Fm3m and 
Pm3m phases at the Fm3m «=* Pm3m phase 
boundary. The melting curves of the Fm3m 
and Pm3m phases were drawn through 
the data points of Clark[22] and of Pistorius 
[23] in order that the intersection of these two 
curves would fall on the Fm3m Pm3m 
phase Foundry obtained in this work. Triple 
point coordinates obtained for the salts KCI. 
KBr and KI are shown in Fig. 1; coordinates 
for the,<fubidium halides are shown in Fig. 2. 


These triple point P-T coordinates are com¬ 
pared with the P-T coordinates given by 
Clark[22] and by Pistorius[23] in Table 4. 

Potassium halides 

Potassium fluoride was examined at 
pressures up to 45 kb at approx. 100° inter¬ 
vals from room temperature up to 800°C. 
However, we fail to find the phase transition 
reported by Weir and Piermarini[5] and by 
Pistorius and Snyman[13]. Pistorius et at. 
found the volume change of this transition to 
be small, i.e. 0-5 per cent. The sensitivity of 
the method used here is more than adequate 
to detect a phase transition with such a small 
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volume change. Since we find no polymorphic 
change at high temperatures where the transi¬ 
tion kinetics would be more favorable, and the 
fact that Pistorius[23] found no break in the 
melting curve suggests that KF has no solid- 
solid transition at pressures below 45 kb. 

The Fm3m ?=* Pm3m transition pressures 
found for the salts KCI. KBr and KI are com¬ 
pared in Table 2 with the transition pressures 
reported in the literature. Bridgman has ex¬ 
amined this transition in these salts on three 
separate occasions[3,24, 25j; however, only 
the latest of Bridgman’s data[25] are given. In 
general our results for P lT are in good agree¬ 
ment with the published data (Table 2). 
Average values of P u were in each case calcu¬ 
lated from the data tabulated in Table 2. 

Bridgman[3] and Pistorius[l 1,12] have ex¬ 
amined the effect of temperature on the transi¬ 
tion pressure in these salts over the tempera¬ 
ture range 25°-200°C. Bridgman[3] gives 
+ 3-45, -4-54 and + 3-33 bar/deg respectively 
for the temperature dependence of the transi¬ 
tion pressure in KCI. KBr and Kl. Pistorius 
[11, 12], on the other hand, gives—0-25,+ 0-55 
and — 1 -88 bar/deg for these same salts. These 
data are compared with the constant h from 
Table I. i.e. the value of dP/dT found in this 
work. The data from these three sources all 
indicate that the variation of P lT with tempera¬ 
ture is small. It is seen that the values of 
dPIdT found by Bridgman and Pistorius all 
disagree in sign. The sign of dPIdT however 
determines the sign of the entropy change. 
AStr (Fm3m—* Pm3m) for this transition in 
these salts since AK lr (Fm3m—>• Pm3m) is 
negative in all cases. 

The agreement between AV U for KCI, 
KBr and KI found here and with published 
data (Table 3) is also relatively good, with the 
exception of the AV lr data given by Weir and 
Piermarini[5]. Weir et al. obtained their transi¬ 
tion volume data from high pressure X-ray 
diffraction studies. Their data, however, are 
also in disagreement with the AT^ data given 
by Jar5ifson[7] and by Nagasaki et al.[ 9] for 
Kl-ana KCI respectively. (The latter data for 


KI and KCI were also determined from X-ray 
diffraction studies carried out at high pres¬ 
sures.) These AF tr data of Weir et al. [5] were 
not used in the calculation of the average value 
of A T tr for the salts KCI, KBrand KI. 

Rubidium halides 

Piermarini and Weir[4] report a solid- 
solid phase transaction in RbF at a pressure 
between 9 and 15 kb. They give the volume 
change for this transition as —20 per cent. 
Knof and Maisch[26] have observed changes 
in the optical transmission properties of RbF 
at a pressure of 33 kb, which is similar to the 
optical effect associated with the Fm3m -* 
Pm3m transition in the potassium halides, 
KCI and KBr. Pistorius and Snyman[13], on 
the other hand, report phase transitions in 
RbF at a pressure of 6’ 1 kb at a temperature of 
20°. and 5 0 kb at 200°C. The latter authors! 13] 
noted that this phase transition in RbF was 
very sluggish. No indication of the size of 
AV for this transition was given by Pistorius 
etal.[ 13]. 

The results from our dilatometric measure¬ 
ments clearly indicate a polymorphic transi¬ 
tion in RbF at about 35 kb. in agreement with 
the results reported by Knof et al. [26 J. Transi¬ 
tion pressure data for RbF are shown in Fig. 
2 . The transition was very sluggish at 100° and 
no transition was observed at room tempera¬ 
tures. However, at temperatures above 300°C 
the transition proceeds as readily as was 
found in the other alkali halides at 200°C. In 
the case of RbF. data taken only above 300°C 
were used in the least squares treatment of 
P lr and AF tr vs. temperature. It was also 
necessary to modify the experimental arrange¬ 
ment since at temperatures above 400°C 
RbF reacts with the graphite heater causing it 
to become relatively non-conducting. Pis¬ 
torius [23] found Ni to be a satisfactory con¬ 
tainer for RbF at high temperatures. We there¬ 
fore isolated our sample from the graphite 
heater with a thin (0 0025 cm) nickel sleeve. 
With this modification our measurements 
were still limited to temperatures below about 
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750°C since an irreversible change occurs in 
the resistance of graphite at higher tempera¬ 
tures, presumably from attack by RbF through 
the nickel foil. Our RbF samples were ex¬ 
amined by X-ray diffraction after being re¬ 
moved from the pressure chamber and showed 
ditfraction lines characteristic of only the 
Fm3m phase. Data for P^ and APt,. for this 
salt at 25°C are given in Tables 2 and 3 re¬ 
spectively. 

The pressures obtained for the Fm3m 
Pm3m transition in the rubidium halides are 
compared with the published values in Table 
2. Averages of P tr for each of these salts were 
calculated from data given in Table 2. How¬ 
ever. in the case of RbF only the data of Knof 
and Maisch[26] were averaged with the data 
from this work. Pistorius[11. 12] gives the 
temperature dependence of the polymorphic 
transition pressure in RbCl, RbBr and Rbl as 
3 01. 219 and 1-94 bar/deg respectively. The 
agreement with dP/dT found here (b in Table 
1 ) is better than in the case of the potassium 
salts. 

Thermodynamic calculations 

The average values of P tr and AP lr given in 
Tables 2 and 3 were used to calculate the ther¬ 
modynamic properties of this polymorphic 
transition in these salts at a temperature of 
298°K. However in the case of dP/dT, we 


have used only the values obtained in this 
work, since our measurements are over a 
much wider temperature interval (from 400°C 
to as much as 700°C) than were Bridgman's 
{24j and Pistorius’[12,13]work. 

At a temperature and pressure where the 
two polymorphs may be considered to be in 
equilibrium, then 

G(Fm3m phase) = G(Pm3m phase). (3) 
Thus 

AG = 0 (4) 

and at constant temperature and pressure 

AE = PAP-- TAS. (5) 

The external PAP work necessary to carry out 
the Fm3m -* Pm3m phase transformation 
(reversibly) at constant pressure and tempera¬ 
ture is calculated from the average values of 
P tr and AP tr . These data for PAP at 298°K 
are given in Table 5. Data for PAP reported 
by Weir et «/. [5] are also shown. The larger 
values of PAP reported by these authors[5] 
for the potassium salts arise from the larger 
transition volumes found by them. On the 
other hand, good agreement in case of RbF 
is fortuitous since Weir’s much lower value of 
P tr is compensated for by the larger value of 


Table 5. Thermodynamic properties of the Fm3m —» Pm3m transition in the 
potassium and rubidium halides at 298°K 


Salt 

AS, r 

Pistorius 111,12) 
(cal/mole/deg) 

AS," 

This work 
(cal/mole/deg) 

/AS 

This work 
(cal/mole) 

FA V 

Weir *7 at. [5] 
(cal/mole) 

FA Ft 
This work 
(cal/mole) 

AE 

This work 
(cal/mole) 

KCI 

+ 003 

0 002 

6 

-3.000 

- 1880 

-1890 

KBr 

-Oil 

012 

37 

-3.300 

-1880 

-1920 

K! 

+ 0-53 

0-34 

103 

-4.500 

-1890 

- 1990 

RbF 


-016 

-48 

- 1,300 

-1490 

- 1440 

RbCl 

-0-44 

-0-42 

-125 

-700 

-800 

-675 

RbBr 

-0-35 

-0-23 

-67 

-700 

-750 

-680 

Rbl 

-0-38 

-0-28 

-83 

-700 

-730 

-660 


'Average values ofAp, in Table 4 were used to calculate these entropies. 

tAverage value of P„ in Table 1 and average value of A V u in Table 4 were used to calculate this 
FA P product. 
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AV. The agreement of PAV from this work 
and from Weir’s is, however, relatively good 
in the case of RbCl. RbBr and Rbl. 

The entropy change (AStr. Fm3m-» Pm3m) 
was calculated from the Clausius Clapeyron 
relation. Data obtained for A5 tr at 298°K 
are given in Table 5. Similarly, Pistorius[12, 
13] has calculated A H for this polymorphic 
transition in these salts from his value of 
dPIdT and from Weir’s and Piermarini’s 
[5] transition volume. As noted above, Weir’s 
value of AFtr for the potassium salts are con¬ 
siderably higher than the results found by 
others (results, on the other hand, for the 
rubidium salts RbCl, RbBr and Rbl are in 
good agreement, Table 2). The entropy of 
transformation derived from Pistorius’ calcu¬ 
lations are — 0-44, — 0-35 and — 0-38 cal/mole/ 
deg respectively for RbCl, RbBr and Rbl. 
The agreement between the AS tr calculated by 
Pistorius[12, 13] and those derived from this 
work is relatively good for these salts. 

Data for the TAS term in equation (5) 
are given in Table 5 as also the data for the 
change in internal energy (A E) associated with 
this polymorphic transformation. Similarly, 
thermodynamic properties for this Fm3m —» 
Pm3m transformation at the triple point are 
given in Table 4. 

Several trends in the transition properties 
of these salts are noted. From Figs. 4 and 5, it 
is seen that in all cases studied, the absolute 
value of transition volume decreases with an 
increase in temperature. In general, the pres¬ 
sure of the Fm3m Pm3m transition is 
relatively insensitive to temperature for the 
halides of these two alkali metals. The pot¬ 
assium salts do, however, show a small de¬ 
crease whereas the rubidium salts show a 
correspondingly small increase in transition 
pressure with an increase in temperature. The 
transition pressure for C-sCl is also known to 
increase with an increase in temperature [27]. 
Consequently, at constant pressure AS- 
(Fm3m -*■ Pm3m) is positive for the potassium 


halides and negative for the rubidium halides 



in the case of the alkali 


chlorides, the absolute entropy of the Fm3m 
phase becomes larger relative to the Pm3m 
phase as the cation increases in atomic number 
and therefore in size. A similar trend has been 
noted[28] in the fusion of the Fm3m phase of 
these chlorides. 
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Abstract —The anomalous Hall effect due to the orbital magnetism has been investigated in a weakly 
doped semiconductor in the presence of a magnetic field. For a collisionless electron gas, we have 
calculated the conductivity tensor and (besides the usual Hall effect) we have obtained an anomalous 
current proportional to 2 x M. We find that for tv = 0 no particular affect arises; for finite frequencies, 
we give the first non trivial term of the anomalous Hall current. We also discuss the influence of the 
collisions and the conditions for observing the predicted effects experimentally. 


1. STATE OF THE PROBLEM 
Karplus and Luttinger[l] first pointed out 
that the spin-orbit interaction of polarized 
conduction electrons gives rise to a current 
perpendicular to both the electric field and 
the magnetization, and thus accounted for the 
d.c. Hall effect in ferromagnetics. Later on, 
several theories have been proposed [2], 
[3], [4], where the stress has been put on the 
influence of various types of scattering. There 
is still a need for an analysis of the basic 
influence of an average magnetization on 
anomalous Hall effects through spin-orbit 
coupling. 

In this paper, we develop a theory which is 
valid both for finite frequencies and for finite 
magnetic fields. An average magnetization will 
be assumed, regardless of its origin (we do not 
intend to deal only with ferromagnets). We 
will be chiefly interested in the Hall effect 
of a collisionless electron gas in crossed 
electric and magnetic fields and will briefly 
discuss the influence of collisions in the last 
part of the paper. 

The electron gas is immersed in a constant 
magnetic field H, parallel to the z-axis. We 
apply an r.f. electric field '£ exp ( mt ) parallel 


to the x-axis. The corresponding perturbation 
in the Hamiltonian is 


H t = — r-g.jexp(i<ot) (1.1) 

Ito 

where/is the current operator. In the presence 
of the magnetic field, j includes the gauge 
current as well as the velocity operator nlm: 


7 = 



m me 


( 1 . 2 ) 


According to the theory of linear response 
[5], the complex conductivity tensor is given 
by 

KJU -C-C 

0> — to vll + /TJ to + torn + if] 


(Taliito) 


= i£- z V' ’ 

hto ^ 



mo) 


bap 


(L3) 


In this expression, p, and v are exact 
eigenstates of the unperturbed Hamiltonian 
H 0 , and the 2' stands for the sum over all 
states but t a. The general expression (1.3) can 
be simplified if we assume the system is 
rotationally invariant around <rz- The coef¬ 
ficients cr jtj. and a- IV are then given by 


-— - . , ie x 

‘Laboratoire Associe au Centre National de la <x XJ . = —;— V - j* j x -i -(1.4) 

Recherche Scientifique. ih(x) p O) 2 “ O) 2 ^ v v 
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'-— 5 ? 


;x ju _ ill jx 

f JfipJpH JfApJp/J. 

co 2 -<olv 


(1.5) 


(ieVmo) is the gauge current arising from 
the a.c. vector potential g/iwexp (/a>r)). 
In the absence of a magnetic field (/? = 0), 
X* connects only those states which have the 
same wave vector index and belong to 
different bands. Since oj mp is a band gap, 
<o <t so that (1.4) reduces to 


&XX 


2/e 2 7 t x ic 2 ie 2 

ri jlV _ VH _|__ _ 

m 2 ha) ^ mco m* w 


( 1 . 6 ) 


where m + is the usual effective mass tensor. A 
similar expression holds for <t xu . Usually 
cr xu vanishes for zero field, because of time- 
reversal invariance (from the Onsager's 
relationships). However, even if there is no 
magnetic field, a magnetization M provides a 
time reversal violation and a Xij can be finite. 
It must then have only odd terms in M. The 
simplest we can imagine is the ferromagnetic 
effect [1], [3]: 


j = a%XM. (1.7) 

This may also occur in paramagnetic 
materials if we imagine that, for times much 
shorter than the spin relaxation time, we can 
maintain an average magnetization or if we 
assume that the spin polarization is due to 
optical pumping of conduction electrons. 

If the spin-orbit coupling is high enough, 
such as in Sbln, the main part of the magnet¬ 
ism is orbital and involves the same combi¬ 
nation as !j ru . A detailed 

calculation (see Appendix A) yields 



occurrence of discrete Landau levels. The 
off-diagonal matrix elements of (1.4) and (1.5) 
now involve intraband transitions between 
different Landau levels of the same band, as 
well as the usual interband terms. 

For weak magnetic fields (fio>* A), the 
Landau structure is negligible as compared to 
the band structure and we do not expect 
relevant changes in the interband terms. So 
the main problem will be to evaluate the new 
intraband terms and the contribution to a xx 
and c t xu . We can already predict their order 
of magnitude since it is well known that a 
collisionless semiconductor yields a perfect 
d.c. Hall effect[6] (<r JX = 0; cr xu = e 2 lm*oj c ). 

In Section 2, we analyse the situation for 
a) = 0 and calculate the d.c. conductivity. As 
a result, we show that no spin-orbit effect 
arises. In Section 3, we calculate the conduc¬ 
tivity at finite frequencies, which needs 
perturbation theory up to fourth order in k 
and enables us by the way to construct a one- 
band effective Hamiltonian; its various terms 
are interpreted and finally we separate the 
normal’ and the anomalous’ part of the Hall 
effect. In Section 4, we briefly review our 
results and discuss the influence of collisions; 
we also suggest ways of looking for experi¬ 
mental observation. 

2. D.C. CONDUCTIVITY 

Let us first recall a few standard results on 
the Luttinger and Kohn (hereafter L.-K.) 
basis [7], [8], defined by 

\ntkp) = exp ik . 7\mp) (2.1) 

where | mp) is the exact (although unknown) 
eigenstate of the Hamiltonian H 0 correspond¬ 
ing to the band m and wave vector 0 (p stands 
for the spin variable). In other words, 


where A is of the order of the band gap, and 
the z component of the orbital magnetiza¬ 


tion^ 




If'H infinite, things become far less simple. 
The band structure is deeply alterated by the 


H a \mp) = E m \mp). (2.2) 

For the sake of simplicity, we assume that 
the energy minimum (or maximum in the case 
of holes) of the band m is located at k = 0. It 
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is then clear that, in the L.-K. basis, the 
Hamiltonian is off-diagonal by terms of first 
order in £at least. 

The current operator may be written as 


In the free electron case, j obeys the usual 
equation of motion 

( 2 . 9 ) 


+ — = (2.3) 

m me fi L j 

In the L.-K. basis, the matrix elements of 
r and n are given by 

(nkp\r\n'k'p') = iV k 8(k-it')8„ n ,8 pp , (2.4) 

(nkp\7r\n'ii'p) = ir„p.„'p'S(£— k') 

+ hk8(k-k')8 m ,8 pp,. (2.5) 


For a semiconductor crystal, we can also 
derive an exact relationship between //„ and 
j. We proceed as follows: according to (2.7), 
we separate J into two parts, / and J” 1 which 
are respectively diagonal and off-diagonal in 
the L.-K. basis. We verify that 

[//„./'] = itm r j y ( 2 . 10 ) 

[//„,/"] ( 2 . 11 ) 


In principle, a function of r can be replaced 
by a function of iV k . However, this equiva¬ 
lence between r and iV k , as shown by (2.4), 
is not strictly rigorous. The 8 : function in 
(2.4) is not exactly the standard 8-distribution 
insofar as k and k' have to be restricted to the 
first Brillouin zone. Since we intend to restrict 
ourselves to small carrier densities in the 
conduction band, relevant k vectors will 
remain smaller than the Brillouin zone scale 
so that no trouble will occur with the identity 
of r and i$g. We are then able to consider 

r —► 

A as a function of / Vg and to define 
^ —* p A 

k = k+~-. (2.6) 

he 

This yields for the matrix elements of j 
and //„: 


with co r = eH/mc (m is th efree electron mass). 
Equations (2.10) and (2.1 J), established within 
the L.-K. basis, are valid in any representa¬ 
tion. In the basis constructed on the eigen- 
basis of H 0 , they become 


= iurj p „ ( 2 . 12 ) 

= - i0J r j p , (2.13) 

On comparing (1.4) and (1.5) with (2.12) 

and (2.13), we see that, for cu = 0 


= —+ —— V ' \j* /V —jdu jx 

mu> huu> r £ 


The commutator [j x ,j dv ] is equal to — ihwjm. 
It follows that 

Wxx — 0 (2.14) 


(nkp\j\n'k'p') = 8(k-k’) 


+ —k8 n „’8(k — k') (2.7) 

m 


{nkp\H a \n'k'p') = (E n +^8 nn ,8 pp ,. 


as predicted in Section 1. Similarly, 


which yields 


o% 


mw r 


(2.15) 


(2.16) 


+ /3H. o- n p,„.p. + m TT,i P '„,p,. k (2.8) orj f or the whole conduction band. 
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where n is the carrier density in the conduc¬ 
tion band. Our result (2.17) seems to be exact. 
However it has two failures. Since it means 
that every collisionless crystal exhibits a 
perfect d.c. Hall effect, it would imply the 
occurence of the Hall effect in insulators and 
we know this is wrong. Furthermore, in the 
limit o) c oo, the lattice band structure is 
negligible against tiaj c and every electron will 
contribute to a Hall conductivity Ne 2 lm<»,. 
(N being the total electron density). 

The limitation of (2.17) comes from the 
L.-K. formalism, which becomes wrong when 
one works near a Brillouin zone edge (or 
when open orbits do exist), as we mentioned 
above. Such a limitation occurs for to,. = 0 
in an insulator because every level in every 
band is occupied; for a semiconductor or a 
metal, it becomes effective when fux> r is of the 
order of magnitude of a band width. Other¬ 
wise, (2.17) holds. 


order Jc~ 2 and corresponds to the usual Hall 
effect. In order to achieve an accuracy of 
order k° in er, the matrix elements of 7 should 
be known up to order_P while should be 
calculated up to order k 4 . 

Such an accuracy implies a detailed knowl¬ 
edge of the exact eigenstates fx, v appearing 
in (1.4) and (1.5); as such, the L.-K. basis is 
not sufficient. What is required is a canonical 
transformation 

H n = e- s H 0 e s (3.1) 

which diagonalizes the Hamiltonian to the 
required order. The matrix element ] 4 „ can 
be obtained as the matrix element of the trans¬ 
formed operator / between the two L.-K. 
states. The problem is reduced to the elimina¬ 
tion of the perturbation Jc.lf in (2.8). 

The second order expansion of H 0 is quite 
standard [7] and yields, for a cubic crystal: 

+ (3-2) 


3. CONDUCTIVITY AT FINITE FREQUENCIES 

The equations of motion (2.10) and (2.11) 
are no longer useful for co # 0 because of the 
factor w£„/(co 2 — <o£„) in the intraband terms. 
We are compelled to look for an approximate 
procedure. The latter will be an expansion of 
(1.4) and (1.5) in powers of k. 

We shall try to calculate cr up to order k°. 
It is then necessary to consider separately the 
interband and the intraband terms in (1.4) 
and (1.5). In the interband terms, the energy 
«V„ is finite; we neglect co, and it is enough to 
know the current matrix elements up to order 
k°. In the intraband terms, we have 


where the effective mass tensor is given by 




7 -^—a = x,y,z (3.3) 


and the orbital magnetic moment JL is: 

SgS eaS i . (3.4) 

From (3.2), one gets the well-known result: 

ie 2 to 2 „ 

m*a>-(o 2 -<o * 2 (3 ‘ 5) 


to — to r — k 2 


since in the quantum regime to,, is comparable 
to the transverse kinetic energy. Hence, the 
ener gy den ominator in (1.5) is of order k 4 . The 
correa^ffiding matrix elements of j are of 
order k. The leading term of cr xy is thus of 


<x xv 


e 2 

mu) c 


to* 2 


CO,T 


- CO 


(3.6) 


The fourth order expansion is obtained by a 
similar procedure. For an isotropic system 
(cubic crystal), we may guess the form of 
H 0 by using symmetry arguments. Since 
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H o is even in £ and w c is of order 2, we may 
expect only terms of the form 

hit-B) 

(kjl){k-H). 

There are also terms in k 1 *, k v \ k*\ k x ‘k v \ 
£**£**, k ul k*’, which represent deviations from 
spherical and parabolic energy bands; they 
can be reduced to the well-known dependence 
of m + upon £[9]. Since this effect is irrelevant 
in our theory, we drop the corresponding 
terms. We are then left with 


It is now quite straightforward to compute 
r, j and cr xir We give the result for a two-band 
model; the general case can be treated exactly 
in the same spirit but the explicit expressions 
would be uselessly involved. Since 

(3.11) 

we get: 

d ih 2 — 

=z ~‘ d ~ + ^ KXm “ <,<*) • 

x va 

(3.12) 

and similar expressions fory. From 


fi 2 L 2 

How = — M - H + yk-(j2. H) 


l r (*■ '♦n 


j = - h [H 0 :r] 


(3.13) 


+ S(£./2)(£./y). (3.7) one obtains 


Intermediate calculations are outlined in 
Appendix B and give, for a two-band model: 


+ ^ (£•//). (3.14) 


y =vn2\ 

y A \m* m) 


8 = 


h 2 

mA ' 


(3.8) 

(3.9) 


The fourth term in (3.7) may be regarded 
either as an alteration of k' 1 by (jl . H) or as an 
alteration of (]x.H) by k z . In the latter case, 
it is equivalent to a £ dependence of the g- 
factor and confirms the conclusions of Lax 
et al.[ 9]. In the former one, the system 
behaves as if the effective mass were m** 
with 



Since m** is spin-dependent, it follows that 
spin-up and spin-down electrons have slightly 
different cyclotron frequencies. 

The fifth term of (3.7) can_ account for 
combined resonances for the (£. /?) induces 
transitions between Landau levels and {k. jl) 
induces a spin-flip. 


When (3.14) is inserted in (1.5), the m** 
in the current operator cancels the m** which 
is included in the Landau level spacing and the 
second term of (3.14) does not contribute. 
This means that the fourth order terms in 
H„( 3.7) do not contribute to a -as far as the 
intraband terms are concerned. 

The interband part of v xv is already known 
from ( 1 . 8 ). The intraband part is then 


<T 


(1) _ 
xv 


-J 

mw c A/ w* —or 


(3.15) 


From (3.15), (1.8), (3.5), we obtain, for the 
whole conduction band, 


me 


w 


m*(o w 




(3.16) 


Vxu 


/7 c 


OJ. 


♦ 2 


m<j) c a). 


*2 _ 


OJ 


2~2 ec 


M z 


,*a • 


We recover, in the limit o> -*• 0, the result 
(2.14), (2.17), i.e. the well known Hall effect 
whereas for = 0 , we get the result ( 1 . 8 ). 
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4. CONCLUSIONS 
crxy may also read 


cr xu 


neb i hg 
m \ 2At 



(4.3) 


(T X y 


ne 1 

m 


- J—feg + 
0 )*‘ — 0 > ! [ 0 > r 


«g-2) 

2A 



(4.1) 


For an a.c. electric field, (4.1) shows the 
existence of an anomalous Hall effect, linked 
to the existence of a non-zero (g — 2). This is 
precisely the influence of the average magneti¬ 
zation through spin-orbit coupling which we 
looked for. 

We would like now to discuss the orders 
of magnitude of this effect and the possibility 
of looking for its experimental observation. 

We are primarily interested in materials 
such as Sbln for two reasons: the collision 
time is not too disastrous, so our model is 
likely to be valid in a wide range of fre¬ 
quencies; besides, the Land£ ^-factor is about 
50, which provides high values of M z . 

Although the above calculations are intend¬ 
ed to apply to a collisionless system, we may 
hope to obtain a good account of the collisions 
merely by replacing oj by (<o — //t), as in the 
standard theories of electrical conductivity. 
(r xu then 

_ neb __ 

°* 1 ' m oj*V + (1 + i'(ot) ! 




L« r 


2A 


<<r*) 


(1 +/o)t) 2 ' 

<o*V . 


(4.2) 


of course, (4.2) reduces to (4.1) if cut s> 1 
(which can be achieved at microwave fre¬ 
quencies). In a magnetic field of several kG, 
it is easy to have all spins parallel to /?. If 
we take the numerical values of Sbln (A = 
0-27 eV; g — 50; m* = 0-013 m) and a fre¬ 
quency of 10 u Hz, the normal part and the 
anomalous part in (4.1) are of the same order 
of magnitude so, in principle, they could be 
separated. 

Another way of observing the anomalous 
effects to have strictly a> c — 0 so that <r xu 
reddcies tp its anomalous part: 


In order to have a non-zero (cr*) even for 
b) c = 0, the conduction electrons can be 
optically pumped; so far no experiment has 
been made on Sbln but values of 10' 2 for 
(cr z ) are likely to be obtained; if so, co c = 0 
actually means 


\S\ < 10~ 3 G 

which can be achieved. 
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APPENDIX A 

According to (1.5) 


<r rv 



-r i 

J UP J VI 


OJ 


2 


(A.)) 


as for-o-jj, j 1 and j*, apart from purely diagonal matrix 
elements which are excluded by the S', connect only two 
different bands. Assuming that <v is much smaller than the 
band gap, we obtain 


Vx “ ~ a S ’ 
thm 1 


7T W — 1T V IT* 
v u vU uv vu 


(A.2) 
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The orbital moment p. is connected to matrix elements 
of# [7] 
by 


2 -= -'m £ - . 

p 


(A.3) 


If only two bands are considered, then 


cr„ = -2ec^ 


(A.4) 


where A is the band gap. More generally, a n retains the 
same shape, since yu' is connected to the antisymmetric 
combination (it's*- Instead of cu^, we introduce 
an average' band gap A and we can write 

CT n = -1ec^ (A.5) 

A 

per electron, of for the whole conduction band 

M 

<?x v — - (A.6) 


M being the orbital magnetization. 


APPENDIX B 

We have to diagonalize 

+ < B1 > 

up to fourth order in k. The procedure is straightforward: 
the unitary transformation exp S should be such that 


/)„ - (exp - S)H o(exp S) (B.2) 


has no off-diagonal interband elements of order «s 2. 
(We do not explicitly separate the spin components: 
what is written as a scalar has to be handled as a 2 X 2 
spinor.) Equation (B.2) may be expanded as 

Ho = «„+ [Ho.S]+* [[Ho.Sl.Sl + * [[[Wo.S],S],S] + ... 

(B.3) 

The first order part of 5 must cancel the first order 
off-diagonal elements of H a , and so on. For a two band 
model, the explicit result is 


= -—— 2 ~ f K* k “ ~ «■£,**) 

m (o w ** imci)?, w m 


,B - 4 > 

^ a d y 

We have used extensively the following identity 


[F, k“l = 


imp). 


(B.5) 


By making use of (B.l), (B.3), (B.4), (B.5) and (A.3), 
one obtains 


h 0 =£w+ m 1+ 2M_H( 1 _^_^ 

W M 2m* l A \ m / 2A 


(pure c-numbers have been deliberately omitted). 
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Abstract- Measurements are reported for pure NaCl crystals of intrinsic ionic conductivity (550°- 
800°C), diffusion of Na tracers (640°-790°C), and diffusion in a d.c. electric field of Na tracers 
(600°-770°C) and Cl tracers (690°. 770°C). The diffusion measurements in a field represent the first 
quantitative application of this technique to alkali halides and afford a direct determination of Na 
tracer drift mobilities from the observed displacement of the diffusion profile. A general experimental 
check is provided by showing that the sum of the cation and anion mobilities agrees with the total 
conductivity. 

The results can be interpreted satisfactorily in terms of contributions to diffusion of both cations 
and anions from both free vacancies and neutral vacancy pairs. The best fit of all available conduc¬ 
tivity. diffusion, and mobility data gives D*(Na) = 182expf— 2-10/kT) and £>* r (Na) = 1130 exp 
(—2-33/kT), with D 0 in cm 2 /sec and W in eV; vacancy pairs contribute nearly 40 per cent of the Na 
diffusion at the melting point. This fit gives an essentially constant anion transport number of 0-34 
and an activation energy for cation diffusion by single vacancies of 2-lOeV; both of these are notice¬ 
ably larger than previous values. It is also found that Z)* r (Na) is 6 to 7 times larger than £>* r (Cl), just 
slightly above the limit imposed by the theory of correlation factors, which means that cation jumps 
into a vacancy pair have a much higher frequency than anion jumps, contrary to theoretical predic¬ 
tions. The diffusion data for vacancy pairs are not compatible with previously reported high tempera¬ 
ture dielectric loss measurements. These data also rule out any appreciable contribution from cation 
Frenkel defects, but difficulty in fitting the conductivity suggests that vacancy triplets may make a 
small contribution. 


1. INTRODUCTION' 

Observations of ionic conductivity and dif¬ 
fusion in alkali halides have been explained for 
many years by the presence of Schottky de¬ 
fects [ 1 ]. For some time attention was focussed 
almost exclusively on cation vacancies 
[2-4], and there seemed to be a fairly simple 
and complete picture [5]. More recent dif¬ 
fusion [6-8], transport number[9, 10], and 
conductivity experiments[11-14], however. 


tWork supported by the U.S. Atomic F.nergy Commis¬ 
sion. This is Technical Report COO-1197-32. 

tThis work is based in part on a thesis submitted by 
V. C. N. in partial fulfillment of the requirements for the 
Ph.D. degree. 

§Present address: West Texas State University. 
Canyon,Texas79015, U.S.A. 

"Preliminary accounts of this work have been pre¬ 
sented in Mass Transport in Oxides (Edited by 1. B. 
Wachtman. Jr. and A. D. Franklin), p. 9. National 
Bureau of Standards Special Publication 296, Washington, 
D.C. (1968), and in Color Centers in Alkali Halides. 
1968 International Symposium. Rome, p. 218 (1968). 


have shown that there is an appreciable 
contribution of anion vacancies throughout the 
intrinsic region, in some cases exceeding 50 
per cent at the melting point. A tangible con¬ 
tribution of vacancy pairs to transport pro¬ 
cesses was first seen in anion diffusion in 
crystals doped with divalent positive ions [15- 
17]. and additional evidence for vacancy pairs 
seemed to be provided by observations of a 
relaxation peak in the dielectric loss at high 
temperatures [18-21]. Then an attempt to 
check the Einstein relation for diffusion of Na 
in NaCl revealed a small extra amount of 
diffusion that was tentatively attributed to 
vacancy pairs [22]. and similar results were 
observed for self-diffusion in TIC1 [23]. 
Finally the results in this paper will show that 
vacancy pairs do, indeed, make an appreciable 
contribution to cation diffusion in NaCl, 
amounting to 40 per cent at the melting point. 

We are thus led to consider the following 
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contributions to diffusion and ionic conduc¬ 
tivity in a pure crystal at high temperatures. 

D*(Na) = D*(Na) + D* r (Na) ( |) 

£*(C1) = D* (Cl) + D* r (Cl) (2) 

<r,.(Cl) = <r„(N a) + tr v (Cl). (3) 

The free vacancy contributions D?(Na), 
o- t1 (Na) and Z>,T(C1), o>(Cl) are related by the 
Einstein equations 

D*( Na) =/„(ATW 0 e 2 )o- 1) (Na), 

(4) 

D*(CI) =/,<A77/V 0 eV„(C I). 

where N„ is the total number of molecules per 
unit volume in the crystal and/, = 0 78146 is 
correlation factor for vacancy diffusion on 
a f.c.c. lattice [24,25]. The vacancy pair 
contributions, D/.(Na) and D* r (C I) to cation 
and anion diffusion, respectively, are not 
necessarily equal [25,26], however, (see 
Section 2B) and thus there remain four inde¬ 
pendent terms on the right hand side of equa¬ 
tions (1-3). Hence the measurement of the 
three directly observable quantities D*( Na). 
Z>*(C1), and <r on the left hand side is not 
sufficient to determine the defect contribu¬ 
tions uniquely, and some additional experi¬ 
ments are needed. 

In previous work the vacancy pair contribu¬ 
tion to anion diffusion was separated from the 
free vacancy contribution by adding divalent 
positive ions to suppress the concentration of 
free anion vacancies[15-17]. In the present 
work the contribution of free vacancies is 
distinguished from that of vacancy pairs in a 
pure crystal by applying an electric field 
during diffusion. The free vacancies should 
drift along the field because of their charge, 
thereby giving an independent measure of 
their mobility, whereas the vacancy pairs 
should b|i unaffected by the field because of 
their diifbac neutrality. A few previous 
mea al p pjft nts have been made of diffusion 
of fc&iwtm electric field [27,28], but in only 


one case has this method been used to distin¬ 
guish between charged and neutral defects 
[27]. Most of the experiments reported here 
are for cation diffusion, but two check points 
have also been obtained for anion diffusion. 

Recently several additional types of charged 
defects have been postulated because of 
difficulty in fitting the conductivity curve with 
Schottky defects only [29,30]. By using our 
diffusion and drift mobility measurements 
we are able to show that the presence of cation 
Frenkel defects [29] is unlikely but that a small 
contribution from vacancy triplets [30] is 
possible. 

2. THEORY 

A. Ionic conductivity, diffusion and drift 
mobility 

The theory of ionic defects has been re¬ 
viewed by Lidiard [31], and we shall follow 
his notation for the most part. In the intrinsic 
region free cation and anion vacancies are 
present with mole fractions x r = x„ = 
given by the Schottky equilibrium. 

= V = exp (sjk) exp (- ItJkT). (5) 

The cation vacancies have a jump frequency! 

i' c ~ 12('„ exp (A s,Jk) exp (- AliJkT), (6) 

and the microscopic diffusion coefficient and 
mobility are given by 

d,. = irff 1 = b’ r a n 2 , (*<■ = k(ea 0 2 jkT)v,., (7) 

where a = V2a„ is the jump distance («„ is 
half the lattice parameter). These are clearly 
related by the microscopic Einstein equations 
[ 1 ]. 

d c ln r = dJua = kTle. ( 8 ) 


tNotice that <v is the total jump frequency for the 
vacancy in accordance with the first expression for 
c l r in equation (7). For simplicity of notation we shall 
use the same attempt frequency v 0 = 4-91 x !0 ,2 Hz for 
all types of jumps [29], 
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The contributions to cation diffusion and ionic 
conductivity are 

D$(Na)=f v x c d c , <x,.(Na) = eN 0 x c n r = rj c , 

(9) 

and these combine to give the macroscopic 
Einstein relation of equation (4). 

The mole fraction of vacancy pairs is given 
by 

x vr = 6 exp (s pr lk) exp (— h,JkT), (10) 

and it has been emphasized by Lidiard[32] 
that this concentration is independent of the 
impurity content of the crystal. The frequency 
for a cation jump into a vacancy pair ist 

v' r = 4(/ 0 exp (A s' c /k) exp (— A/i'./AT). (II) 

The microscopic diffusion coefficient may be 
defined as 

d\. = iiv« 2 = br«o 2 - (12) 

and the macroscopic diffusion coefficient [25] 
is then 

D*.(Na) =f'x pr d' r . (13) 

It is interesting to compare the contribu¬ 
tions to diffusion to be expected from vacancy 
pairs and free vacancies. If the temperature 
variation of/' is neglected for the moment, we 
have 

D* r (Na)/D*(Na) « Cexp(-W/AT), 

with 

W = (h pr — lh„) + (A/?r — A/i,.). 

With upper limits of A, = 2-17eV from[29] 
and AA r = 101 eV from our work, and with 
h pr — l-27eV and AA^ = l-46eV from theory 
[33], we find h pr — = 0-18 eV and AA,',— 


tit is assumed that the cation comes from one of the 
four neighboring positions that will leave the vacancy 
pair bound after the jump. Dissociation jumps are not 
considered. 


AA c — 0-45 eV. Both of these quantities are 
positive, which means that the relative contri¬ 
bution of vacancy pairs should increase as 
temperature increases. The first term shows 
that even the relative concentration of 
vacancy pairs increases (free vacancies are 
formed more rapidly than vacancy pairs 
can dissociate because the binding energy 
A/i ft = A„ - A pr = 0-91 eV is less than i A,), and 
the larger activation enthalpy for vacancy 
pair jumps enhances the effect considerably. 
Similar conclusions follow for anion vacan¬ 
cies with AA' — A/i„ = I-27[33] — 1-00 (our 
work) = 0-27 eV. Thus we expect the largest 
contributions of vacancy pairs to appear at 
the very highest temperatures approaching the 
melting point. 

We shall also need an expression for the 
drift mobility of a radioactive tracer ion in an 
electric field E {) . We may obtain this by con¬ 
sidering the particle current densities for 
vacancies and ions. 

J vac A(|X f . ii r E „, Jion .'Y(,M,.(5Ja). (14) 

where M,.(Na) is the macroscopic mobility 
for cations.t These current densities must be 
equal since every time a vacancy moves one 
direction an ion moves in the opposite 
direction, and we obtain immediately 

M,.(Na) = x r tx c — oy(Na)/fW 0 . (15) 

This result is to be contrasted to equations 
(9) and (13) for diffusion, where correlation 
factors appear. The absence of a correlation 
factor in equation (15) is clear from the 
‘vacancy wind' effect described above and is 
also deducible from other treatments of 
correlation factors[34], The conductivity can 
now be expressed very simply in terms of the 
macroscopic mobilities, 

o' = <r c + <r„ — eN„ [M,,(Na) + M t ,(Cl)]. (16) 

+The use of M (capital aO for macroscopic mobilities is 
analogous to the use of D for macroscopic diffusion 
coefficients. 
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B. Correlation factors for vacancy pairs 
A vacancy pair moves through the lattice 
by a kind of tumbling motion that involves 
a mixed sequence of both cation and anion 
jumps with frequencies v' c and v' a . Hence 
there is a relationship between the contribu¬ 
tions to cation and to anion diffusion; the 
interdependence enters through the correla¬ 
tion factors, which are functions of the 
frequency ratio 4>' = v'Jv' e . 

f'r=f P r(4>')< /;=/pr(l/<J>'). 0?) 

The function f pr (4>') for the NaCl structure 
has been calculated by several authors [25, 26] 
and is shown in Fig. 1. The limiting behavior 
is[10] 


lim f pr (tf)‘)- lim./ pr (<f>') (18) 

<$ —*0 —* oo 



Fig. I. Correlation factor vs. frequency ratio for diffusion 

by vacancy pairs on the NaCl lattice.-Howard[2fi). 

O Compaan and Haven (25). 


Howard’s [26] value of b has been corrected 
from 5 0 to 4-4 by extrapolation of the more 
accurate results of Compaan and Haven 
[25]. 

The ratio of anion to cation diffusion by 
vacancy pairs is given by 

D £r(<M, - f'gXprdg 4>%r(U4>') _ f( ,,. ,, 

DumF fxjc mi 



Fig. 2. Functions for diffusion by vacancy pairs on the 
NaCl lattice. is the ratio of anion to cation diffusion, 
is the correction factor for the sum of anion and 
cation diffusion. 

The function F(d>') is shown in Fig. 2 and has 
the following properties: 

F(l/0’)=1/F(0’) 

lim F(d>') = f,/b — 0178, 

$'—*0 

lim F(d>') = b=f v = 5-6. 

0' —*<x 

When both D* r (CI) and D* T ( Na) can be deter¬ 
mined experimentally, these limits provide a 
check for the consistency of the interpreta¬ 
tion of the experimental results.t In favorable 
cases it may even be possible to determine 
d>' as a function of temperature by using equa¬ 
tion (19) in reverse. 

In other situations it may be possible to 
determine only the sum of the two vacancy 
pair contributions to diffusion [22,23] or 
the sum of the two jump frequencies v' r + v' a . 
The latter possibility occurs if the interpre¬ 
tation of the high temperature dielectric loss 
peak in terms of vacancy pairs is correct[21]. 
A treatment similar to that given by Lidiard 
for cation vacancy-divalent ion complexes 


tLidiard [32] previously gave limits of 0 26=1/3-8 
because of a smaller estimate of b = 3 from the results 
of Compaan and Haven[25). More recently Haven[10J 
quoted values similar to those given here. 
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[35] shows that the relaxation time for 
vacancy pairs is 

t-W + K)-‘- (20) 

A partial analysis in these circumstances may 
be made by considering 

£>* r (Na) + £>p r (Cl) = Wx pr (v' c + v' a )G(4>') 

( 21 ) 

with 

+ ( 22 ) 

This function is also shown in Fig. 2 and has 
the following properties. 

G(I W) = GW), lim GW) = (b+fW 
Gmax = GW = 1) =f»rW = D = 0-6189. 

These results show that the total contribution 
of vacancy pairs is always diminished to 
some extent by the correlation factors [23], 
even in the most favorable case of </>' ~ I, 
and the diminution becomes appreciable when 
4>' is outside the range of 01 -10. 

C. Diffusion equations 
The diffusion experiments are performed 
by placing a very thin layer containing radio¬ 
active tracers between two flat crystal slabs, 
which are much thicker than ( x ) or x rms 
defined below. A steady electric field is applied 
perpendicular to the initial interface, and the 
tracer current then contains a drift term from 
equation (14) as well as the usual term from 
the concentration gradient 

J* = — D*(dn*ldx) +n*M v E. (23) 

If E is independent of x (but not necessarily of 
f), the diffusion equation becomes 



The solution for the initial and boundary 
conditions described above is 

if 

n*(x, t) = [fl/(47r£)*f) m ] exp [— (x - x 0 )*/4D*r] 

(25) 

where B is the initial amount of tracer per 
unit area. When Af„ and E are independent of 
time 

x 0 (t) = M v Et , (26) 

and when M„ and E vary with time 

x 0 (f) =/' M v (t)E(t)At. (27) 

The average and root-mean-square displace¬ 
ments are 

<x) = B~ x f xn*(x , f)dx = x 0 , (28) 

J— <x> 

4m, = B~ x [ (x —x 0 ) 2 n*(x, f)dx = 2 D*t. (29) 

Thus the field produces a drift of the diffusion 
profile that is proportional to the mobility 
but does not influence the amount of spread¬ 
ing. 

In order to maintain a steady electric field 
in an ionic crystal, a steady current must 
pass through the electrodes, and this often 
causes some deterioration of the crystal near 
the electrodes. Furthermore the contact 
between the two crystal slabs is initially not 
very good and gradually improves during the 
rather long times (~ 20 hr) involved in dif¬ 
fusion measurements. For both of these 
reasons the field near the interface is likely 
to undergo variations with time, and it is 
necessary to determine the average field 
defined by the integral in equation (27) as 
follows [23]. A silver coulometer is inserted 
in series with the voltage source and the crys¬ 
tal, and E = Ho-A is expressed in terms of the 
steady current /, the area of the crystal A, 
and the conductivity cr. Also E is applied only 
while the crystal is maintained at a constant 
temperature so that M„ and a may be taken 
outside the integral. Then 



830 


V. C. NELSON and R. L FR1AUF 


x 0 = ( MJa-A ) /(rjdr = M,QI<rA , (30) 

where Q is the total charge measured by the 
coulometer. After x 6 is determined from the 
displacement of the diffusion profile, Vf„ is 
calculated directly from equation (30). 

In the experimental diffusion profiles there 
often seems to be a small discontinuity in 
both concentration and concentration gradient 
at the interface between the two crystals 
(see Fig. 3). An attempt was made to obtain 
corresponding features in the solutions of the 
diffusion equations by introducing a barrier 
to diffusion at the interface. 


[~D*(dn?ldx) + MrEnf ] r .+„= D*H (nf - n 2 *) 
= [— D(dn*ld x) + M r En.?] x „ _ 0 (31) 

where rt* and n* are the solutions for x > 0 
and x < 0 respectively. The strength of 
the barrier is determined by the parameter 
H: when H = 0 there is no current flow across 
the interface and the barrier is complete; 
when H = °o the current flow is unrestricted 
and n*(0) = « 2 *(0) as for no barrier. The 
solution without a field is given in Carslaw 
and Jaeger [36], and a similar method was used 
to obtain a solution with a field. When a 
barrier is present the simple solution in equa¬ 
tion (25) must be multiplied by the following 
correction factors. 



(F+b) | 

H i 


(H + F)F~\irD*t) m 


exp w 2 erfc u 


UF-b) 
{ H 


(H -F)F-'(nD*t) lli 
expz 2 erfc z, 


(32) 


where 


{"J = {ADt)~ m \x\ + ( Dt) m (H ± F). 

F = (//*+ b 2 Y n . h = xJ2Dt. 

Curves obtained from this solution are shown 
in Fig. 3. 


3. experimental 

A. Procedures t 

Conductivity runs were made on crystals 
of pure NaCl from the Harshaw Chemical 
Co. and also on crystals grown in this labora¬ 
tory in air from analytical reagent grade 
powder. From the upper limit of the extrinsic 
range for conductivity at 490°C it is estimated 
that both types of crystals do not contain 
appreciably more than 1 ppm divalent im¬ 
purity. Samples for both conductivity and 
diffusion were cleaved along (100) planes to 
dimensions of approximately 10x10x2-5 
mm. 

The same sample holder was used for both 
conductivity and diffusion experiments in 
order to eliminate any difficulty in comparing 
temperatures. The sample was held by light 
spring pressure between Pt electrodes, and 
a Pt vs. Pt-10% Rh thermocouple was welded 
directly to the bottom electrode. This assembly 
was mounted in a long quartz tube, which was 
evacuated to less than IO _5 Torr before each 
experiment and then filled with pure He gas 
to a pressure of about 1 atm. The furnace 
temperature was controlled to ±0-2°C with 
a standard on-off controller. 

Electrodes of graphite suspended in iso¬ 
propyl alcohol (Aquadag) were applied directly 
to the sample faces for most of the conduc¬ 
tivity measurements, and these were quite _ 
stable even for several hours at 798°C. 
No difference in results was obtained for one 
run with electrodes of dry spectroscopic 
pure graphite (see Fig. 4). The sample 
resistance was usually measured at 1 kHz 
with a General Radio capacitance bridge and 
decade resistors; frequent checks at 0-27, 

10 and 100 kHz showed that polarization 
effects were not important. Conductivity 
measurements for different samples differed 
by up to 2 per cent, but measurements on a 
single sample were repeatable within 0-5 per 
cent, whether the temperature was held con- 


tMore details are available in [37]. 
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stant for 30 min or was changing at a rate 
up to PC/min. 

For diffusion measurements a thin layer of 
NaCI containing the tracer was evaporated 
onto a Harshaw crystal in vacuum. The iso¬ 
topes used were 22 Na (half-life 2-6 yr, carrier 
free) and 30 C1 (half-life 4x 10 5 yr, specific 
activity 15mc/g). Temperature measure¬ 
ments were made every 10 sec during heating 
and cooling and every 10 min M the diffusion 
temperature with a Non-Linear Systems 
digital voltmeter. An effective diffusion time 
at the equilibrium temperature /,, was cal¬ 
culated from these data on punched cards 
according to 

tpff ~ ff-MTo)] 1 x D(T) dt. 

Since the time at 7„ was usually 10-20 hr 
(extreme values 2 hr and 8 days), the correc¬ 
tion for heating and cooling was only a few 
per cent of the total time in most cases. After 
a diffusion run the edges of the sample were 
removed, and then slices of 6-10/a were cut 
with a microtome, weighed on a semimicro 
balance, and counted with a Geiger-Mueller 
tube (10,000 counts minimum). With double 
samples the two samples could be separated 
at the initial interface with slight pressure 
from a razor blade, and slices were taken in 
both samples away from this interface. The 
error in the diffusion coefficient given bv the 
computer-calculated least squares lit was 
1-2 per cent for single samples and I-4 
per cent for double samples. 

For diffusion without a field single samples 
were used in most cases. For experiments 
with an electric field double samples were 
used, with the tracer evaporated onto one of 
the inner faces and Aquadag electrodes 
applied to the outer faces. In these circum¬ 
stances the apparent conductivity was initially 
too small by the order of 50 per cent and 
showed only gradual improvement with time, 
and values of the diffusion coefficient from the 
two sides of the interface differed by 5-10 per 
cent, even for three trials with double samples 


without a field. The following attempts were 
made to improve the contact at the interface, 
but none showed any particular signs of 
success. (1) The two samples were prepared 
by cleaving a single crystal and replacing 
the two pieces in the same orientation after 
evaporation of the tracer. (2) The tracer was 
evaporated onto both of the common faces, 
and the crystals were then rubbed together 
before mounting in the sample holder. (3) 
For one run a layer of Aquadag was placed 
between the two samples at the interface. 
(4) For another run a heat pulse up to 798°C 
was applied in the fumaje before stabilizing 
at the diffusion temperature. 

In order to apply and measure the d.c. field 
and current, the sample was placed in series 
with a 300 V power supply, a resistance box, 
an ammeter, and a Ag coulometer. The coulo- 
meter consisted of 15 g of AgNO a in 100 ml 
of de-ionized water, a pure Ag rod, a porous 
cup, and a Pt screen that was weighed before 
and after the run 138]. The total charge usually 
agreed with the current measured by the 
ammeter within the expected accuracy of 1 
per cent. With approximately 100 V across 
the sample the current varied from 0-3 mA 
at low temperatures to 3 mA at high tempera¬ 
tures. giving a total charge of 30-100 C. This 
caused a displacement of the maximum in the 
diffusion profile by 40-200 p, in most cases. 

B. Diffusion profiles 

I wo diffusion profiles for diffusion with a 
field are shown in Fig. 3. The upper curve 
is typical of the more satisfactory results 
obtained at higher temperatures (690-770°C). 
and the lower curve is illustrative of the less 
satisfactory behavior found at lower tempera¬ 
tures (600-660°). The solution of the diffu¬ 
sion equation without a barrier in equation 
(25) gives a parabola for In//" vs. x. and 
the least squares fit of this equation gives 
values of if, D \ and .v„ and the solid curves 
in Fig. 3. Because of the break in the diffu¬ 
sion profiles at the interface (x = 0) the 
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Fig. 3. Diffusion profiles for Na in NaCI with a d.c. 
electric field. The open circles and triangles give actual 
points obtained by sectioning for two different runs. 7'he 
solid curves are the least squares fit without a barrier, 
equation (25). and the dotted curves are the fit with a 
barrier, equation (32). T1 r initial interface is at Jt = 0. and 
the field is applied along the positive axis. 

solution with a barrier in equation (32) is 
also fit by a trial and error procedure in which 
the four parameters B. D* , jc () , and H are 
varied over limited ranges starting from the 
values with no barrier. A comparison of the 
two types of fit is shown by the points in 
Figs. 6 and 7; subsequent calculations are 
based on the fit without a barrier. 

The diffusion profiles at higher temperatures 
are fit reasonably well, except for an occa¬ 
sional point right at the interface, and the 
values obtained without and with a barrier 
are in rather good agreement. The fit at lower 
temperatures is much less satisfactory, how¬ 
ever, and indicates that other phenomena not 
included in the diffusion equations are 
occurring in the samples. Observations follow¬ 
ing passage of the d.c. current confirm this 
view: there was invariably deposition of salt 
at the cathode and decomposition of the 
sample at the anode, and in two cases (Na at 
793°C and Cl at 692°C) easily visible holes 
developed from the anode and extended well 
into the sample, causing complete or partial 
shorting of the sample resistance (the holes 
were filled with graphite). It seems probable 
that in these extreme cases, and to a lesser 
extent in all cases, the initial contact at the 
interface is good on an atomic scale at only a 
few, sharply defined points, leading to a highly 
localconcentration of current flow and 


electric field lines. There is then an enhanced 
displacement of tracers along these ‘tubes' 
of high electric field, and this causes the 
extended tail visible in Fig. 3 and the abnor¬ 
mally large diffusion coefficients for the 
experiments with a field (the open points at 
the four lowest temperatures in Fig. 6). 
Unfortunately the spatial distortion of the 
electric field in the diffusion region near the 
interface also introduces a further uncertainty 
into the determination of the tracer drift 
mobilities, for this invalidates the assumption 
made in obtaining the diffusion equation (24) 
that the field is independent of position. Since 
the amount of the distortion varies in an un¬ 
known way with time as the contact gradually 
improves during the diffusion run, it appears 
that the only way to avoid this problem is to 
obtain a major improvement in the initial 
contact. 

C. Results 

Conductivity measurements are shown in 
Figs. 4 and 5.t The results in Fig. 4 show no 
systematic difference between the Harshaw 
crystals and ours but do indicate the small 
variations between samples. In order to 
simulate conditions for a diffusion run. the 
sample for Fig. 5 was heated rapidly to 647°C. 
held there for 17 hr, and then heated slowly 
to 797°C. The slight break in these results^ 
at 647°C shows that there was a small decrease 
of conductivity during the lime the sample was 
held at this temperature; for many of the 
diffusion samples there was a comparable 
decrease, ranging from 3 per cent at 640° to 
1 per cent at 750° and occurring mostly within 
the first 3-5 hr at temperature. A similar 
behavior was reported by Barr and Schroeder 
[16], who attributed it to solution of impurities; 
annealing of dislocations might also give this 
effect. 

Apparent activation energies for intrinsic 
conductivity were obtained from graphs of 


(Tables of conductivity, diffusion, and mohility data 
are available in 137). 
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fig. 4. Ininnsic ionic conductivity for NaCl. • O A + 
Harshaw crystals, x OLi Crystals grown in this labora¬ 
tory. x and O are for the same sample with pure carbon 
electrodes in the first case and Aquadag electrodes in the 
second. The lower end of the intrinsic range is taken as 
550’C. but the changeover to extrinsic behavior (not 
shown) is centered at about 49()°C. 


log (er7) vs. 1/7. The values of l-92eV 
(550—65l)°C') to 2-19 eV (72()-80()°C ) com¬ 
pare satisfactorily with the previously 
reported range of I 84-1-99 eV (550-700°C) 
[2-5,22,39-45], 

Diffusion coefficients for Na tracers with 
and without an electric field are shown in 
Fig. 6. If the abnormally large values of 
L)*( Na) with field at low temperatures are 
excluded, the values with field show no 
systematic variation from those without field. 
There are not enough data to warrant a two- 
exponential fit, as was done Barr et al. for 
Cl diffusion 116], and the results of Downing 
were obtained with a different batch of 
samples, sample holder, and temperature 
range [22], Hence the data from this work 



1000/ 1 l°K) 

Fig. 5. Conductivity measurements on a Harshaw NaCl 
crystal. • increasing temperature. O decreasing tempera¬ 
ture. <- equilibrium temperatures. The two large open 
circles show the conductivity calculated from the sum of 
the cation and anion drift mobilities according to equation 
(16). The lines labeled <t, and it,, show the cation and 
anion contributions according to the fit of equation (39). 

were fit with a single exponential of the 
usual form. 

D(T) = D„ exp (- WlkT). 

Our results are compared to other values in 
Table 1. 

The tracer drift mobility M,, is obtained 
from the displacement jc„ of the diffusion 
profile and the average electric field, and gives 
directly the transport of Na ions through the 
crystal in an electric field. If we assume that 
this transport is due entirely to motion of 
free vacancies, we may convert to the cor¬ 
responding diffusion coefficient by means of 
the Einstein relation 


£>*(Na) = f,(kTle)M v (Na). (33) 
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Fig. 6. Diffusion of Nil in NaOI. • without field, this 
work; + without field. Downing1221; <"> with field, no 
barrier (equation (25)); A with field, with barrier (equa¬ 
tion (32)). 

These results are shown in Fig. 7, where il is 
evident that some additional, neutral transport 
mechanism is needed to account for the total 
diffusion coefficient. Our proposal is that 
vacancy pairs provide this mechanism. The 
difference between the smoothed value of 
D*(Na), represented by the solid line in Fig. 
6. and the actual value of D*( Na) at each 
temperature is therefore indicated by the 
points labeled D^ r (Na) in Fig. 7. The least 
squares fits (with the exclusion of the four 
lowest temperature points) for D*(Na) and 


800° 700° 600°C 



Fig. 7. Diffusion of cations by five vacancies and by 
vacancy pairs in Nad. {NaI is calculated from the 
measured tiacer drift mobility (equation (33)). and I) ,(Na) 
is then obtained by subtraction from P'tNa) (equation 
1) Free vacancies i) no barnei, A with barrier. Vacancy 
pairs; 4 no barrier. I he lines for /)'(Na| are from Fig 6. 

D* r (Na) are shown by the dash-dot and 
dash-dot-dot lines. 

D*(Na) = 182 exp (—2-10/AT) (34) 

D* (Na) = II30 exp (- 2-35/AT). (35) 


Table 1. Apparent activation energies for diffusion 
of N a in NaCI 


Ref 

I CITlp. 

(°C) 

IK 

(cmF/sec) 

W 

(eV) 

Mapotheretu/.IAl 

520-720 

4-6t , 

. 180 

Laurent and Benard|7] 

600-795 

0-5 

L6I 

Downing and Friauff22| 

585-695 

3-2 

1 -78 ±0 03 

This work 

640-790 

790 

2-23 ±008 


tThis value is obtained from their graph; the value listed in their 


40 # 
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Two runs were also made with Cl tracers 
in order to provide an overall check on the 
experimental technique of measuring drift 
mobilities, and the corresponding diffusion 
coefficients D*(C1) are shown in Fig. 8. 
There is rather good agreement with Laur- 
ance's results [15] and order of magnitude 
agreement with those of Barr et at. |16], 
and the same is true for D*(CI) at the higher 
temperature.f Values of D* r (Cl) shown in 
Fig. 9 were obtained by subtracting from 
Laurance’s D^Cl) according to equation 
(2). The overall check is provided by compar¬ 
ing M,.(Na) +M,.(CI) to the total conductivity 
according to equation (16). The results are 



Fig. 8. Diffusion of anions by free vacancies in NaCl. 
OftCI) is calculated from the drift mobility of Cl 
tracers (equation 33). O no barrier. A with barrier. The 
lines give the average results of Laurance (15] as calculated 
by Fuller and Reilly [ 13] and of Barr et al.[ 16). D,T(Na) 
is shown from Fig. 7 for comparison. 


tAt the lower temperature holes developed part way 
through the sample, the diffusion profile was badly dis¬ 
torted. and the value of D T (C!) was abnormally large, 
as for Na at lower temperatures. 



Fig. 9. Diffussion of anions by vacancy pairs in NaCl. 
The points are oblained (equation 2) by subtracting 

(Cl) from /)*(C1) given by Laurance[151. The lines 
give the average results of Laurance|13. 151. and 
D£,(Na) is shown from Fig. 7 for comparison. The dotted 
line gives the maximum possible contribution to diffusion 
calculated from dielectric loss measurements and should 
be compared to Df r (Na)+ /); r (Cl). 

shown by the open circles in Fig. 5; the sum 
is small by 7 per cent at the lower tempera¬ 
ture and 14 per cent at the higher. These errors 
are well within the possible uncertainties 
associated with the contact problems at the 
interface and the non-uniform electric field 
inside the sample and give a reasonable 
indication of the general reliability of the 
present mobility measurements. 

4. DISCUSSION 

A. Vacancy pairs 

The basic thesis of this paper is that vacancy 
pairs make an appreciable contribution to 
diffusion of both cations and anions as ex¬ 
pressed in equations (1) and (2). The free 
vacancy and vacancy pair contributions for 
cations have been separated by measuring 
the cation drift mobility in pure crystals and 
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subtracting the corresponding free vacancy 
diffusion coefficient from the total cation 
diffusion in Fig. 7. The contributions for 
anions have been previously separated by 
studying diffusion of Cl in doped crystals 
[15,16]. and these results have been con¬ 
firmed by the two measurements of anion 
drift mobility shown in Figs. 8 and 9. Thus 
for the first time data are available for both 
cation and anion jumps into vacancy pairs, 
and we shall explore some of the conse¬ 
quences in this section. Since our experimental 
results for anions are generally in better 
agreement with those of Laurance[15] as 
recalculated by Fuller and Reilly[13J, we 
shall use these values for anion diffusion for 
the following calculations. 

We may first check whether the proposed 
vacancy pair contributions are compatible 
within the limits imposed by the theory of 
correlation factors in equation (19) and Fig. 2. 
A glance at Fig. 9 shows that D* r (Na) is 
appreciably larger than D* r (Cl) at all tempera¬ 
tures, and in the region of direct determination 
of both quantities (670“-750°C) the ratio 
F(</>') varies from 014 to 017. These values 
are slightly below the theoretical minimum of 
0-178 from Section 2; an extrapolation of 
£>£(Cl) to 790° gives F = 0-179, which is 
right at the limit. Thus if we wish to interpret 
the second mechanism for cation diffusion as 
being due to vacancy pairs, we must conclude 
that F(<f>') has essentially its minimum value 
and that therefore v' n < v' r . In this case the 
limiting forms of the correlation factors in 
equation (18) apply, and we find 

^pr(Na) — \a ( ; l b x vr p'„ 

(36) 

D* vr (C\)=WfrX M K. 

The most noteworthy feature of this result 
is that both cation and anion contributions 
are governed by the smaller anion jump 
frequency* 

The contribution of vacancy pairs to diffu- 
sion r^y also be compared to the information 


from high temperature dielectric loss measure¬ 
ments [21], The height and the frequency of 
the relaxation peak presumably give the con¬ 
centration x VT and the sum of the frequencies 
v' t . + v’ u according to equation (20). The maxi¬ 
mum contribution to £>* r (Na) + Z)* r (CI) can 
then be calculated from equation (21) using 
G max . The result is shown by the dotted line 
in Fig. 9, and it is evident that there is an 
appreciable discrepancy. The maximum value 
of G(d>') should apply only when <f>' = 1, and 
in that case D* r ( Na) would be equal to D* r (CA), 
leaving the dielectric loss results too small 
by at least a factor of two. With D* r (Na) 
actually much larger than D* r (Cl), we have <f>' 
< 01 and < 0-3, giving an even larger 

discrepancy. Since the values of x pr calculated 
from the dielectric loss measurements are 
already uncomfortably large (jc pr = 0-13 at 
790°C), it is not possible to contemplate 
still larger values. The only way to improve 
the situation would be to have relaxation 
frequencies an order of magnitude larger than 
those observed in the dielectric loss experi¬ 
ments. Perhaps the true vacancy pair relaxa¬ 
tion was not observed in those experiments 
because of the frequency limitation of the 
measuring apparatus at 10 MHz. In any case 
it is not possible to reconcile both the diffu¬ 
sion and the dielectric loss measurements with 
a single, consistent choice of parameters for. 
the vacancy pairs. 

(After the manuscript for this paper was 
completed new information about the dielec¬ 
tric loss measurements was received in private 
correspondence from D. Miliotis and D. N. 
Yoon at the University of Illinois, Y. Haven 
at Wake Forest University, and A. Kessler 
at Bratislava. In brief it is demonstrated that 
the dielectric loss peaks reported by Economu 
and Sastry[21 ] were artifacts caused by air 
gaps at the electrodes. According to this 
interpretation, then, the former dielectric 
loss measurements give no information about 
vacancy pairs; thus the discrepancy with the 
diffusion results is eliminated, but unfortu¬ 
nately the possible assistance in determining 
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the concentration of vacancy pairs is also 
removed.) 

B. Conductivity 

The conductivity is the sum of at least two 
terms as written in equation (3). where it is 
supposed that free cation and free anion 
vacancies are the only charged defects present 
in the crystal. When the appropriate tempera¬ 
ture dependences are inserted, this equation 
becomes 

<tT = {N 0 e'*/k){4i' u a„' 2 ) 

x {exp [(is, + Aa,.)/A] x exp [- (ih„ + A h r )/kT] 
+ exp [(ir„ + As,,)/*] exp {- (£/?„. + A/iJ/A T] }. 

(37) 

Debye-Hiickel corrections have not been 
included because a detailed fit of the con¬ 
ductivity was not the primary aim of this 
work. Furthermore the elegant treatment of 
conductivity in NaCI by Allnatt and Pantelis 
[29] shows that these corrections vary 
smoothly from 10 to 16 percent between 600° 
and 790°C and that their inclusion does not 
affect the activation enthalpies by more than 
0 02 eV. 

Two procedures were tried for fitting the 
conductivity data between 600° and 797°C in 
Fig. *5 to equation (37).t First conductivity 
data only were used, it was assumed that the 
cation contribution was predominant except 
near the melting point, and both cation and 
anion parameters were varied to obtain 

<rT = 2-0 X 10 9 exp (- 1-98/AT) 

+ 1-5 x 10 ,7 exp(- 3-77/AT). (38) 

Second the cation contribution was calculated 
from the measured M,,(Na). and then the 
anion parameters were varied to fit a. 

oT = 3-6 x 10” exp (- 2-06/AT) 

+ 2-53 X 10 s exp(-2-08/AT) (39) 

tin both cases it was impossible to include the data 
between 550° and 600°C without obtaining large syste¬ 
matic deviations; perhaps there is still a small influence 
of residual impurities at these lower temperatures. 


From the deviation plots in Fig. 10 it appears 
that the first procedure gives a better fit, but 
the extraordinarily large values of the en¬ 
thalpy and entropy for the anion contribution 
make this fit clearly untenable. Under the 
circumstances the second fit is most consistent 


‘F 





•t..__....l 

600 700 000 

TEMPERATURE “C 

Fig. 10. Deviation plots for conductivity fits in NaCI. 
The ordinate is 100 x (<r (ah . - tT utn )lrr u ,„. + first procedure: 
fit of conductivity data only. O second procedure: cation 
contribution calculated from the measured drift mobility. 

with all of the available data, and the two 
terms are shown by the lines in Fig. 5. A note¬ 
worthy feature is that the enthalpies are 
essentially equal for cation and anion motion. 
This gives a practically constant cation trans¬ 
port number of 0-66, which is somewhat 
smaller than Haven’s [10] measurements 
(by the Tubandt[2] method) of 0-86 at 690° 
and 775°C. 

C. Activation enthalpies and entropies 

Values of these quantities are given in 
Tables 2 and 3 for comparison to the results 
of other experiments and of theoretical 
calculations. For the free vacancy parameters 
in Table 2 the assignment to particular pro¬ 
cesses is straightforward if it is assumed that 
free vacancies are the only charged defects 
present. Then the cation and anion compo¬ 
nents of the conductivity represent directly 
the corresponding contributions to diffusion; 
data are quoted for diffusion experiments 
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Table 2. Defect parameters for free vacancies in NaCI. Activation enthalpies h are given in 
eV and activation entropies s/k in e.u. with v 0 = 4-91 x 10 12 Hz[29]. Boldface entries are 
measured or evaluated directly; other entries in the same column are calculated from these 


Quantity 

Ionic conductivity: 
intrinsic and extrinsic 
h s/k 

tonic conductivity: Diffusion 

two exponential fit h s/k 

h s/k 

Theory 

h 

Formation 

2-12 + 0-06“ 6-2+ 1-8“ 

2-17" 

2.440 


2-12* 1-94* 1-79-213* 

K 





I. 77 U 2 -l m 2 - 10 " 

Cation jump 

0-80 ±0-02“ 3-3 ±0-7“ 

0 - 66 4 

3-17“ 


0-87' 0-85‘ 

IS h r 






Anion jump 


1 - IS® 

9-43* 


Ml' 0-90* 

Ah a 






Cation diffusion 

1-86 ± 0 06“ 6-4±l-7“ 

1-75* 

4-39 b 2l0±0-10" 

9-6± 1 -2" 

1-76 ,J 1-82* 

lh, + Ah c 


2-06“ 

8-63“ 



Anion diffusion 


2-24* 10-65* 2 07 ±0-05' > 

7-5±10 e 

2-00' J 1-87* 

ih.+Ah,, 


208' 

8-26 r 1-92 ±0-1' 

4-5± 1 , 2 / 





2 09 + 0-3“ 

81+3-1“ 



"Dreyfus and Nowiek[5], Since they used p 0 - 5-9 x 10‘ 2 Hz. their value of has been increased by 0-2 e.u. to 
correspond to the v„ used here. 

"Allnatt and Pantelis [29]. 

“This work, with the cation part determined from the mobility M,,(Na). 

"This work, with D r *(Na) calculated from M,,(Na) (dash-dol line in Fig. 7). 

■■Laurance[15], as recalculated by Fuller and Reilly f 13]. 

'Barr et a/.[16]. 

“This work, by subtraction of M,.(Na) from the conductivity (dotted line in Fig. 8). 

"Tosi and Fumi[46]. 

'Guccione elal.[ 47]. 

‘h, is calculated from the results m[47] with a lattice energy of 7-88 eV per molecule according to Tharmalingam|48] 
*Tosi and Doyama[49], 

'Boswarva and Lidiard [50]. 

"Boswarva and Franklin [51]. 

"Scholz[52]. 


only where the experimental procedure allows 
a separation of the free vacancy and vacancy 
pair contributions. 

Our experimental results from the drift 
mobility give an activation enthalpy for cation 
diffusion considerably larger than reported 
previously from conductivity experiments. 
The discrepancy seems to be larger than our 
estimated error, but it should also be remem¬ 
bered that the mobility measurements do 
involve a difficult and still somewhat uncertain 
experimental technique. The near equality of 
our enthalpies for cation and anion diffusion 
seems to substantiate the more recent 
calculations of Tosi and Doyama[49], who 
also found similar behavior for KCI and 
RbCl. Our diffusion enthalpies are still 01 


to 0-3 eV larger than the theoretical values, 
but the recent improvements of including van 
der Waals interactions [50] and displacements 
for more than the six nearest neighbors of a 
vacancy [51,52] appear to remove most of 
this discrepancy. 

For the vacancy pair parameters in Table 
3 more interpretation is required before 
definite assignments can be made. If one of 
the jump frequencies v' c or v' a is larger than 
the other by a factor of 10 or more, then 
both cation and anion contributions to diffu¬ 
sion are governed by the smaller jump 
frequency, equation (36), whereas the 
relaxation time observed in dielectric loss 
measurements is determined almost exclusive¬ 
ly by the larger jump frequency, equation (20). 
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Table 3. Defect parameters for vacancy pairs in NaCI. For units and sym¬ 
bols see Table 2 


Quantity Dielectric loss Diffusion Theory 

h -ilk h sfk h 


Formation, h ur 

1-30 ±005“ 

10-3 ±0-6" 


1-17' 

1-27" 

Cation jump, A/i) 
Anion jump. Ahi, 

l-25±005' ,il 

2-6 ± 0-6“ " 


1-46° 

T27" 

Cation diffusion 
Anion diffusion 


2-35 ±0*22" 
2-50 ±0-02" 
2-37 ±0-1" 

90 ±2-5" 
10-6±0-l" 
9-6 ±1-2" 

tl„ r + Xli t . — 

h vr Ahff — 


"Economu and Sastry[21]. 

"These values are assigned to the cation jump because DJ r (Na) > D^(CI). 

"This work, by subtracting D,T(Na) from Z>*(Na) (dash-dot-dot line in Fig, 7). 
-TaurancelLSI.as recalculated by Fuller and Reilly [ 13}. 

"Barr el «/.116). 

'Tosi and Fumi[46] with h, from[47], 

"Tharmalingam and LidiardJ33]. 

"Usually the larger of these two values will govern both cation and anion diffusion. 


Since our results give D* r (Na) > £>* r (Cl). 
we have therefore assigned the parameters 
for the relaxation time to the cation jump. It 
is still not possible to make any direct esti¬ 
mate of the cation diffusion from this assign¬ 
ment, however, since no information is given 
about the smaller jump frequency needed 
in equation (36). 

The theory of Tharmalingam and Lidiard 
[33] indicates that the jump activation 
enthalpies are somewhat larger for jumps into 
the vacancy pair than for the corresponding 
free vacancy jumps, and our results are in 
general agreement with this conclusion. The 
theory predicts a larger activation enthalpy 
for the cation jump into the vacancy pair, 
however, and this would make v' c « v' a and 
mean that both cation and anion contributions 
to diffusion should have an activation enthalpy 
h pr + Ah' r - 2-73 eV, which is not in agreement 
with the experimental results. According to 
our interpretation, on the other hand, we find 
i/ v' n and therefore expect both contribu¬ 
tions to diffusion to have an activation 
enthalpy h pr +Ah' <t \ within the fairly large 
error of our results the equality of the two 
activation enthalpies is confirmed. The value 
obtained, 2-35-2-50 eV, would agree moder¬ 


ately well with the prediction of theory h pr + 
A= 2-54eV, but as noted above this inter¬ 
pretation is not consistent unless A h' r < Ah' n . 

A brief comment may be made about the 
activation entropies obtained from experiment. 
Even though there are no theoretical estimates 
for direct comparison, many of the reported 
values seem rather large. A good part of this 
may be due to the choice of e 0 , which enters 
directly into the calculation of all jump activa¬ 
tion entropies. The value used here is approxi¬ 
mately the Debye frequency, that is, roughly 
the maximum frequency of the acoustic branch 
of lattice vibrations. It seems quite reasonable 
that removal of ions to form vacancies or 
vacancy pairs should give a local mode with a 
somewhat higher frequency, although the 
reduction of force constants would tend to 
oppose this effect. With this uncertainty it 
is difficult to say much more than that the 
large entropy values do indicate rather large 
local influences from the displacement of ions 
near a vacancy. 

D. Cation Frenkel defects 

Fitting the intrinsic conductivity with the 
sum of two exponential terms, as in equation 
(37), has been quite successful for several 
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alkali halides, notably KC1[53] and RbBr[12], 
but similar attempts for NaCI have en¬ 
countered considerable difficulty. Our results 
in equation (38) using conductivity data only, 
for instance, give completely outlandish 
values for the anion activation enthalpy and 
entropy. And even when Debye-Hiickel 
interactions are included, as in the work of 
Allnatt and Pantelis[29). there are still 
serious problems. For free anion vacancies 
they note that their activation energy is too 
large, and their calculated values of M,,(CI) 
are larger than Laurance's[15] observed 
values by a factor of 2-3 and predict an union 
transport number of 0-66° at 790°C. For free 
cation vacancies their calculated values of 
M,,(Na) are too small by a factor of 1-3-2 
compared to our measurements, and their 
predicted activation energy also seems to be 
much too small in this case. 

All of these results indicate that there is 
some real difficulty in fitting the conductivity 
in NaCI. Some of this might be caused by 
activation enthalpies (and entropies) that vary 
with temperature or by small errors in con¬ 
ductivity or temperature measurements; 
either of these effects might have a large 
influence since this type of analysis, particu¬ 
larly for the anion contribution, is sensitive 
not only to the position but also to the curva¬ 
ture of the conductivity plot. These effects do 
not seem to be pronounced for other alkali 
halides, however, and therefore the possibility 
of other types of charged defects has been 
suggested, namely, either cation Frenkel 
defects [29] or vacancy triplets [30], We shall 
consider briefly the bearing of our mobility 
and diffusion results on these suggestions in 
the last two sections. 

The difficulties mentioned above led Allnatt 
and Pantelis[29] to introduce cation Frenkel 
defects, in addition to Schottky defects, and 
this procedure did give some further reduc¬ 
tion in the errors of fitting the conductivity. 
Furtheoaore their activation enthalpies of 
2-70 eV for formation and 0-75 eV for motion 
do not appear unreasonable in view of Thar- 


malingam's [48] theoretical values of 2-63 eV 
for formation and 0-74 eV for collinear 
interstitialcy jumps. (Anion Frenkel defects 
are not considered because of their exorbitant 
formation enthalpy of 6-38 eV [48].) But the 
comparison with drift mobilities is still quite 
unsatisfactory; their predicted cation mobility 
is a factor 1 -4 larger than our measured values, 
and their anion mobility is a factor 2 smaller 
than the results of Laurance[15] and our two 
measurements. 

A further difficulty is encountered with the 
interpretation of the diffusion results when 
cation Frenkel defects are included. In this 
case the total drift mobility and diffusion 
coefficient from charged cation defects are 
given by 

M„(Na)= M r + M,. (40) 

D*(Na)= (kTle)(fM r + fM i ). (41) 

The comparison in Fig. 7 has been made by 
calculating D*(Na) with = 0-781 as a 
multiplier for all of M, r (Na). If a smaller 
multiplier f = 0-333 for the collinear inter¬ 
stitialcy |25] were used for part of M (r (Na), 
the calculated />„ + (Na) would be reduced still 
more, and an even larger contribution to 
cation diffusion by vacancy pairs would be 
required. Since our results for £>*,.(Na) are 
already at the maximum limit compared to 
D* r (Cl), it seems that there should not be any 
appreciable contribution from cation Frenkel 
defects. 

E. Vucancy triplets 

In the early stages of the analysis of this 
work it was thought that vacancy triplets 
might help to explain two anomalies, namely, 
the difficulty of fitting the conductivity curve 
and the 10-15 per cent discrepancy between 
the sum of the drift mobilities and the total 
conductivity (Fig. 5). On closer inspection 
the important result was discovered, as 
described below, that no kind of charged 
defeat can account for the latter discrepancy, 
although the possibility of additional contri- 
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butions to conductivity and diffusion might 
help to explain the former. 

Two kinds of vacancy triplets can exist, 
cation triplets containing two cation vacancies 
and one anion vacancy as shown in Fig. 11, 
and anion triplets mutatis mutandis. In the 
simplest possibility the three vacancies form 
an L on a 45° right triangle on a (100) plane; 
for each location of the anion vacancy there 
are 12 equivalent orientations of the cation 
triplet. For each orientation there are four 
cation jumps and one anion jump that lead to 
a new orientation without changing the basic 
configuration, and these jumps form a con¬ 
nected mesh throughout the lattice, there¬ 
by enabling the triplet to migrate in three 
dimensions and hence to participate in volume 
diffusion. It also seems quite likely that the 
three vacancies may form an I along a 1100] 
direction, probably with smaller formation 
energy than the L form, but it is not possible 
for the triplet to change between the three 
equivalent orientations of the 1 form without 
going through the L form. 

In order to determine the contributions of 
vacancy triplets to conductivity and drift 
mobilities, let us suppose that the mole frac¬ 
tions of cation and anion triplets are x r , and 
x,„ and that the microscopic mobilities are 
/x ( ., and p,„. We find 

a = eN 0 (x,.p. r + x t ,n„ + x rl p. r , + (42) 

M(Na) x,p. r 2-V ( .f J Li r/ (43) 

M((?l) x fl /x„ x c jfL r t T 2x (I ifj. r/ . (44) 

The mobility equations are obtained by the 
same kind of reasoning used for single vacan¬ 
cies in equations (14) and (15); the cation 
triplet clearly involves the displacement of 
two cations for each unit of charge and also 
drags an anion in the opposite direction. The 
important result is obtained by adding equa¬ 
tions (43) and (44) to give, by comparison with 
equation (42), 
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Fig. II. ‘L' and T forms of cation triplets for the NaCI 
type lattice. Similar forms exist for anion triplets. 


This is the same as equation (16) and shows 
that this result is valid no matter what defect 
mechanisms are present A 
For vacancy triplets this is most easily seen 
by regarding a cation triplet as a combination 
of a cation vacancy and a vacancy pair: as 
the vacancy pair moves along with the cation 
vacancy it produces an extra contribution to 
cation mobility, giving the factor of 2 in equa¬ 
tion (43). but it must also cause an equal 
contribution to anion mobility in the opposite 
direction, giving the minus sign in equation 
(44); and the two contributions cancel exactly 
when the two equations are added together. 
Thus equation (45) affords a rigorous check 
of the experimental measurements in all 
cases —any deviations must be due to experi¬ 
mental errors —but by the same token it does 
not allow any inferences to be made about the 
possible absence or presence of additional 
transport mechanisms. 

The vacancy triplets do, however, intro¬ 
duce additional terms in the individual 
equations (43) and (44) and may consequently 
influence the observed results of conductivity 
and mobility measurements. The correspond¬ 
ing contributions to diffusion will all be 
positive and will involve correlation factors 
depending on the ratios of pertinent jump 
frequencies. None of these correlation factors 

tit may also readily be shown that the presence of 
cation or anion Frenkel defects does not alter this 
result. 


o- = eN 0 lM(Na) + M(C1)]. (45) 
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has been calculated, but they will probably 
all be smaller than /„ except in limiting cases, 
as for vacancy pairs in Fig. 1. Under this 
assumption any contribution of anion triplets 
would call for a larger contribution of vacancy 
pairs to anion diffusion but smaller to cation 
diffusion, in analogy to the argument used for 
cation Frenkel defects. Then the small 
discrepancy in D* r (Cl)/D* r (Na) would be 
reduced or eliminated.t The opposite effect 
would be caused by cation triplets. Thus it 
appears that vacancy triplets may be making 
a small contribution to diffusion, with perhaps 
a slight preference for anion triplets. The 
presence of additional parameters in equation 
(42) would also undoubtedly allow a better 
fit of the conductivity. Even if only the L form 
of anion triplets is present, however, there are 
three new free energies (for formation and two 
jump frequencies); and if the I form is also 
present, there are two more free energies. 
Since the measured values of M„(Na) are 
neither extensive nor accurate enough to 
detect a small curvature in the Arrhenius 
plot, there is no way to estimate the amount 
of vacancy triplet contributions from the 
present data. 

5. CONCLUSIONS 

The ultimate purpose of conductivity and 
diffusion measurements in ionic crystals is 
to identify the atomic transport processes 
responsible for these phenomena and to 
determine the corresponding defect para¬ 
meters, The most accurately known quantities 
are the total conductivity and the total 
diffusion coefficient for each kind of ion in the 
pure crystal. These data have now been 
supplemented in NaCl with the tracer drift 
mobility, mostly for cations, reported here 
and with anion diffusion in doped crystals, 
reported previously. Further information is 
potentially available from transport number 
and dielectric loss measurements, but the 


tThe appreciable discrepancy with the dielectric loss 
measurements cannot, however, be removed in this way. 


experimental method is of doubtful reliability 
in the first case and the interpretation is 
uncertain in the second. 

The larger part, if not all, of the conductivity 
is certainly due to the motion of single cation 
and anion vacancies, and our results do not 
change this basic view. The diffusion experi¬ 
ments show, however, that some additional, 
neutral contribution is needed for both cation 
and anion diffusion; our primary interpretation 
is based on the most likely possibility, namely, 
vacancy pairs. We thus obtain a general 
picture in terms of single vacancies and 
vacancy pairs that is consistent within 
experimental error with all available conduc¬ 
tivity, diffusion, and mobility measurements. 
We find that D*,.(Na) > D^(CI), essentially 
at the limit imposed by the theory of correla¬ 
tion factors, meaning that K> lOv', contrary 
to theoretical expectations. In this case we 
can obtain only h vr + Ali' ir which has a reason¬ 
able value. Unfortunately we cannot use the 
dielectric loss measurements to separate the 
formation and motion components for vacancy 
pairs because the observed frequencies are 
too low by a factor of ten or more to account 
for the magnitude of the vacancy pair diffusion 
with any reasonable values for the concentra¬ 
tion; thus the interpretation of the dielectric 
loss measurements still remains in doubt. For 
single vacancies we find a somewhat larger 
contribution from anions than previously 
deduced from conductivity or transport 
number measurements and a noticeably 
larger value for A h r for motion of cation 
vacancies. 

The possibility of other kinds of charged 
defects has also been considered. It seems 
unlikely that cation Frenkel defects make 
any appreciable contribution, but there may 
be a small contribution from vacancy triplets, 
with a slight preference for anion triplets. 
In any case it is clear that vacancy pairs 
must make appreciable contributions to 
diffusion, and hence the main conclusion will 
be largely unchanged even if some contribu¬ 
tion from additional charged defects is present. 
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SELF-DIFFUSION OF Na IN NaClt 
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Abstract — Measurements have been made of the diffusion of Na in pure NaC.'l from 590° to 690°C by 
the sectioning method. The results are fit by D,.exp (- W/kT) with D„ = 3-2±H cm ! /sec and W = 
T78±0 03eV. Comparison to the ionic conductivity shows an excess diffusion of 10-20 per cent, 
which is tentatively attributed to vacancy pairs. This conclusion is consistent with the more quantitative 
results obtained in the preceding paper. 


1. INTRODUCTION 

These experiments were initiated by a desire 
to provide an accurate check of the correlation 
factor for diffusion by vacancies in a typical 
alkali halide crystal. This can be done by com¬ 
paring the ionic conductivity and the sum of 
the tracer diffusion coefficients, for it can 
readily be shown from equations (I) to (4) of 
[ 11 that 

D*( Na) + £>*(CI) = f.(kT/N„e*)a (1) 

provided that only free vacancies contribute 
to both diffusion and conductivity. The value 
of the correlation factor f — 0-78146 for 
single vacancies on a f.c.c. lattice is well known 
from theory[2], but it was felt that a direct 
experimental verification would substantiate 
the application of the theory to actual physical 
processes and would also clarify the picture of 
conductivity and diffusion mechanisms in 
NaCI|31. As things turned out, it was not 
possible to verify the value off. in any simple, 
direct way, presumably because of contri¬ 
butions of vacancy pairs to diffusion, which 
are not contained in equation (1). and this led 
to the more extensive work described in the 
preceding paper [1]. These results are reported 
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briefly here in order to make the data available 
in the open literature; they supplement the 
preceding results for D*(Na) by extending 
measurements to lower temperatures. 

2. EXPERIMENTAL 

The techniques for measuring conductivity 
and diffusion were similar to those used by 
Nelson [1). For the purposes of converting 
from conductivity to diffusion with the Einstein 
relation as in equation (1) a value of N„ — 
2-23 x 10“ cm -3 was calculated from a„ = 
2-820 at 26°C[4]. When sample dimensions 
measured at room temperature are used to 
calculate a and />*(Na), the corrections for 
thermal expansion cancel out in equation (1) 
and therefore do not need to be incorporated 
explicitly. 

The principal experimental differences were 
the preparation of the samples and the sample 
holder. The starting material was analytical 
reagent grade powder from Fisher Scientific 
Co. containing approximately 10 ppm of poly¬ 
valent metal impurities. Crystals were grown 
in air by withdrawal from the melt in a quartz 
crucible. By comparing conductivity curves 
for samples from these crystals with the results 
of Aschner(5] in the impurity region, it is 
estimated that our crystals contain 2-3 ppm 
divalent impurities. The sample holder con¬ 
sisted of a number of pieces of Inconel inside 
a long Inconel tube. The sample in the form 
of a flat plate 10x10x2 mm was held between 
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thick Inconel plates faced with lOmilPt 
sheets, and a chromel-alumel thermocouple 
was brazed into the bottom plate. 1 mil Pt 
foils were placed adjacent to Aquadag elec¬ 
trodes on the sample, and thin quartz plates 
were placed around all four edges of the 
sample. Thus possible sources of contamina¬ 
tion were the alloy (Inconel is 75 percent Ni), 
the thermocouple, and the nickel-brazing com¬ 
pound used to attach the Pt sheets and the 
thermocouple and to make a vacuum-tight seal 
at the high temperature end of the Inconel 
tube. The sample holder was evacuated to 
1 x 10 -5 mm Hg before each experiment and 
was then filled with about 1 atm of pure He gas. 

Diffusion coefficients were determined with 
an accuracy of 2 to 3 percent and are compared 
to the conductivity in Fig. I.t The dotted line 
is calculated from the average of four conduc- 


ioo° m°i 



Fig. 1. Diffusion of Na in NaCI.-1-Measured 

with tracers.-Calculated from average conductivity. 

A and V calculated from conductivity of diffusion sample 

before and after a run.-Measured by Mapother 

et a/.[3]. 



tivity runs, on two samples from each of the 
two crystals used for these experiments. Since 
there is no sharp break in the conductivity 
curve in the temperature range of interest 
(560-720°C) we presume that the results 
show intrinsic properties. This is confirmed 
by the diffusion measurements, which are 
fit well by 

D(T) = D () exp (—W/kT) (2) 

with D = 3-2 ± 11 cm 2 /sec and M / =l-784± 
0-027 eV.t 

A slightly distuibing feature of the experi¬ 
mental results was a slow change in con¬ 
ductivity during the rather long time (24-48 hr) 
at constant temperature in a diffusion anneal. 
There was an increase in conductivity of 
5-12 per cent, with most of the increase 
occurring during the first several hours. This 
effect is shown in Fig. 1, where the erect and 
inverted triangles correspond respectively 
to the conductivity measured at the beginning 
and at the end of the diffusion anneal. Since 
this effect was not present in Nelson’s work 
[1] (a slight decrease in conductivity was 
actually observed there), our suspicions that 
there was some contamination of the sample 
from the metal parts of the sample holder 
seem to be confirmed. This effect is not large 
enough to invalidate the general conclusions 
but has made it infeasible to attempt a detailed, 
quantitative analysis with these data. 

3. DISCUSSION 

Measured values of D*(Na) from this work 
and of £>*(CI) from Laurance[7] are shown 
together in Fig. 2; although D*(C1) is smaller 
than D*(Na), it is not completely negligible, 
especially at the higher temperatures. In order 
to check the correlation factor according to 
equation (1), it is therefore necessary to com¬ 
pare the sum of D*(Na) and D*(C1) to f v D a . 
The results in Fig. 2 show that £>*(Na) + 
Z)*(C1) is larger than fX) a by 10-20 per cent 


t These are compared to other measured values in Table 
1 of [ 1 ]. 




SELF-DIFFUSION OF Na IN NaCI 


847 


675 600 °C 



Fig. 7. Diffusion of No and Cl in NaCI. D (Na) and D„ 
arc taken from Fig. 1. 1) (Cl) is from l.aurance|7] 


throughout the temperature interval. The 
possibility of a systematic error in either 
conductivity or diffusion measurements is 
ruled out by the check of f v to within 1-2 per 
cent in AgCI:Cd, using the same techniques 
and largely the same equipment as for this work 
[8]. Hence it is necessary to contemplate an 
additional transport mechanism in order to 
account for the extra diffusion, and vacancy 


pairs were the obvious suggestion at the time 
these results were obtained[6]. The improved 
sample holder and new experimental technique 
of the preceding paper have subsequently 
allowed a more quantitative treatment of 
vacancy pairs in NaCI. Although the contact 
problems at lower temperatures prevent any 
direct comparison with this work, the fact that 
D* r (Na) is 31 per cent of D*(Na) at 690°C in 
Fig. 7 of [1] shows that the predicted amount 
of vacancy pair diffusion is quite sufficient to 
account for the results in Fig. 2 of this paper. 
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Abstract —Optical absorption and reflectivity have been studied in single crystal Si As at 300°K over 
the wavelength range of 0-3 to 8 /x. Measurements were performed for the incident radiation polarized 
both parallel and perpendicular to the two-fold axis of symmetry in this monoclinic crystal. From an 
analysis of the absorption data the following direct transition band gap energies were obtained: 1 -48 ± 
0 01 eV for E\\b and I-57 ±0 01 eV for E j>. For E L h an indirect transition was identified with a thresh¬ 
old band gap of I-45±(F03cV, but a preference for an allowed or forbidden type transition could 
not be determined For E\\h an indirect transition could not be clearly identified. The optical measure¬ 
ments indicate SiAs is a semiconductor, all material studied was undoped p-type. 


INTRODUCTION 

Arsenic has been employed for many years 
as a doping agent in silicon and germanium 
semiconductors to produce extrinsic material 
with n-type conduction, and many papers in 
the literature describe the investigation of ar¬ 
senic donor levels in these materials. Gener¬ 
ally, the concentration of arsenic is consider¬ 
ably less than 1 per cent by chemical com¬ 
position, and there is no major change in 
the diamond cubic crystal structure. If. how¬ 
ever. arsenic is added in significant amounts to 
prepare a stoichiometric binary composition, 
then new semiconductor structures are formed 
which have not bteen thoroughly investigated. 

Klemm and Pirscher[l] were the first to 
present a phase diagram of the Si-As sys¬ 
tem. From thermal analysis and X-ray 
studies they established the existence of 
silicon monoarsenide, SiAs, and silicon 
diarsenide, SiAs 2 . The crystal system for 


* This research was supported in part by the National 
Science Foundation, and in part by the Advanced 
Research Projects Agency of the Department of Defense 
through the Northwestern University Materials Research 
Center. 

t Present address: Bell Telephone Laboratories. Inc.. 
Naperville. Illinois. U.S.A. 


SiAs was determined by Schubert et al. 
[2] to be monoclinic. A detailed analysis of 
the SiAs crystal structure was presented by 
Wadsten[3], who also found the system to 
be monoclinic. However. Beck and Stickler 
[4] have also performed a structure analysis 
for SiAs, and report the crystal system to 
be orthorhombic. In a study of the composi¬ 
tion and bonding of many crystalline materials 
characterized as anomalously composed 
daltonides. Hulliger and Mooser[5] indicate 
SiAs should show semiconductor behavior 
with regard to electrical conductivity. 
Ing et al.{ 6] report that tellurium doped 
n-type material has an optical band gap 
of 2-2 eV; these measurements were perform¬ 
ed on material with a monoclinic structure 
in agreement with Wadsten[3]. In the present 
investigation, single crystal SiAs was pre¬ 
pared, and detailed optical reflectivity and 
transmission measurements have been per¬ 
formed in the neighborhood of the funda¬ 
mental absorption edge on undoped material. 

SAMPLE PREPARATION 

Silicon monoarsenide was synthesized by 
reacting stoichiometric proportions of the 


849 



850 


L. C. E. MILLER and C. R. KANNEWURF 


elements* in thick wall quartz tubes evacu¬ 
ated to lO'^Torr or better. Synthesis tubes 
were positioned in level zone furnaces, and 
the temperature increased over a 6-hr period 
to 1130°C and maintained at this temperature 
for periods of 5-7 days. The melting point for 
Si As has been reported to be approx. 1083°C 
[1], Complete reaction was found to occur 
particularly if the furnace was elevated at one 
end, so that the synthesis tube made an angle 
of 15° with the horizontal during the entire 
synthesis. Variations in the cooling rate had 
very little effect on the ingot composition. 

The inner ingot material, which was not in 
contact with the walls of the synthesis tube, 
was found to be homogeneous with large reg¬ 
ions of single crystal development having typ¬ 
ical surface dimensions of 10 by 0-5 cm. The 
ingot material develops in a layered struc¬ 
ture. Freshly cleaved surfaces do not show 
any visible reaction with ordinary laboratory 
atmosphere, even when left exposed for sev¬ 
eral months. 

The appearance of a few thin needle like 
crystals in some of the ingot synthesis tubes 
indicated that possibly single crystal material 
could be grown by vapor transport methods. 
Such methods had already been employed to 
obtain material for crystal structure analysis 
[4,6J. Attempts to transport ingot material 
through the temperature gradient of a two zone 
horizontal furnace in evacuated tubes or with 
a halogen transporter resulted in varying yields 
of many extremely thin needle like crystals, 
some of which developed to a length of 2-5 
cm. In other trials, uncombined arsenic and 
silicon were located in opposite ends of an 
evacuated horizontal transporter tube, and a 
few milligrams of iodine added. The latter 
procedure was employed to prepare extremely 
thin needle and ribbon like crystals of silicon 
diarsenide. Consequently, the majority of 


•Silicon was obtained from Gallard-Schlesinger Chem¬ 
ical Manufacturing Corporation, purity: 6-nines; arsenic 
from the AmericansSmelting & Refining Company, pur¬ 
ity: 5-n«§es+. *’'■ 


single crystal samples employed for the op¬ 
tical measurements was obtained directly 
from ingot material. 

CRYSTAL ORIENTATION 

In the first detailed crystal structure analy¬ 
sis of Si As, Wadsten [3] determined the crystal 
system to be monoclinic with the following 
description: lattice parameters a = 15-979, 
b = 3-668, c = 9-529 A and /3 = 106-0°; space 
group Cl h — C2!m\ with 12 formula units of 
SiAs in the unit cell. The same general feat¬ 
ures had been reported in an earlier paper [2], 
The atomic coordination for the silicon atoms 
is the normal tetrahedral arrangement; the 
bonding scheme is in agreement with the form 
suggested by Hulliger and Mooser[5]. The 
structure is of the layered type with the b axis 
parallel to the layer planes. The shortest dis¬ 
tance between arsenic atoms of adjacent layers 
is 3-60 A, which is the longest interatomic dis¬ 
tance and is most likely responsible for the 
ease in cleavage of the crystal in sections para¬ 
llel to this plane. The structure is isotypic with 
that of GaTe and GeAs[7]; drawings of the 
structure type and bonding arrangement are 
available in the literature[3, 8]. In an indepen¬ 
dent structure determination of SiAs, Beck 
and Stickler(4) report the crystal system to be 
orthorhombic with lattice parameters a = 6-95, 
b — 9-25 and c=7-70A. They propose that 
since the material cleaves quite easily, which 
generally results in large amounts of plastic 
deformation, the examination of heavily 
faulted material resulted in the failure to ex¬ 
tract from the X-ray data a fully reduced unit 
cell in the earlier structure determination. 

In view of this disagreement, considerable 
care was taken in the present investigation to 
determine the crystal orientation for the op¬ 
tical measurements. A number of Debye- 
Scherrer, as well as single crystal X-ray photo¬ 
graphs, were prepared, and the results com¬ 
pared to the work of all earlier structure deter- 
m!fthtions[9]. Good agreement with Wadsten 
[3] was obtained for all features of the mono- 
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clinic unit ceil. From single crystal oscillation 
photographs, a lattice parameter of 3-65 ± 
0 04 A was obtained with the cleavage plane 
of crystal containing the axis of rotation; this 
value confirms the b axis which is the axis of 
2-fold symmetry in the structure. The a and c 
axes determined from single crystal photo¬ 
graphs were 15-99 ±0-16 and 9-63 ±0-10 A 
respectively. In Fig, 1, the orientation is shown 



Fig. 1 Growth orientation of single crystal material with 
respect to the principal crystallographic directions. 
The b axis is perpendicular to the plane formed by the 
u and c axes. With the occasional exception of the crystal 
edge formed by the secondary cleavage plane parallel to 
the b axis, the edges of the samples are rather irregular 
which is not shown in this figure. 

of typical single crystal samples with respect to 
the principal crystallographic directions. With 
the direction of the a and c axes, as specified 
by Wadsten[3], the major surfaces are thus 
(201) type planes. In cleaving single crystal 
material, usually at least one well defined edge 
or fracture line would occur on the surface. It 
was found that this line always developed in 
the direction of the b axis in the (201) planes. 
Thus, the intersection of the (201) planes and 
this secondary cleavage plane uniquely loca¬ 
ted the direction of the b axis in all samples. 
The crystallographic orientation of the secon¬ 
dary cleavage planes was not successfully 
determined. All SiAs prepared in the present 
investigation had this growth orientation and 
crystal structure. 


A measured density of 3-81 ±0 02 g/cm 3 
is in good agreement with the calculated 
density of 3-81 g/cm a based on 12 molecules 
of SiAs per unit cell. Chemical analysis con¬ 
firmed the composition SiAs; experimental: 
27-45±0-05 per cent Si, 72-47±0-05 per cent 
As; calculated 27-27 per cent Si, 72-73 per 
cent As. In the X-ray analysis, material 
scraped from the walls of the growth tube 
showed a trace of Si0 2 to be present. Oc¬ 
casionally. a trace of elemental arsenic was 
found on the ingot surface away from the 
tube walls. However, all samples from the 
inner regions of the various ingots were found 
to be free from these impurities. 

During the course of the work, some 
measurements were also made with SiAs 2 
which has an orthorhombic structure [9], 
The lattice parameters, which were all 
measured from independent oscillation 
photographs, are a = 14-57±0-15, b = 10-40± 
0-10. t• — 3-65±0-04A; these are in good 
agreement with the corresponding values 
given by Wadsten[10]. It is interesting to 
note that the r parameter for SiAs 2 is within 
experimental error of the h parameter 
for SiAs; thus, more than a single oscillation 
photograph might be necessary to distinguish 
between the two structures. None of the 
features of the structure for SiAs discussed 
by Beck and Stickler[4] were observed. In a 
similar program of measurements on the 
isotypic GeAs, Rau[ll] has found only 
material with the monoclinic structure. 

OPTICAL MEASUREMENTS 

Optical reflectivity and transmission 
measurements were performed with a Zeiss 
MM 12 monochromator with interchangeable 
optics, and the associated Zeiss spectro¬ 
photometer units over the wavelength range 
of 0-3 to 8 /a. A discussion of the character¬ 
istics of the system employed at this labora¬ 
tory can be found elsewhere[12]. In the wave¬ 
length range of 0-4 to 1-0 fi the resolution 
of the system varied from 12 to 79 A. Trans¬ 
mission measurements, using the sample 
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in-sample out technique, and reflectivity 
measurements, using the comparison tech¬ 
nique, were carried out in the standard Zeiss 
microcell housing with specially prepared 
mounting units for accommodating samples 
with small surface areas[12], In this system 
the radiation on the sample surface did not 
exceed 3° from normal incidence. 

Reflectivity and transmission measure¬ 
ments were performed with the incident 
radiation normal to the (201) planes, and 
polarized both parallel and perpendicular 
to the b axis from 0-3 to 2-2 fi. Unpolarized 
light was employed from 1 -85 to 7-7 /a. 
All measurements were taken at 300°K. A 
maximum area of 0-4 x 4 mm of the sample 
surface was used, since areas larger than this 
generally were found to have various im¬ 
perfections. A plot of the reflection coeffi¬ 
cient vs. wavelength is shown in Fig. 2. These 
data represent reflectivity measurements from 
several samples with a maximum deviation 
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Fig. 2. The reflection coefficient vs. wavelength, 

of ±3 per cent from the average values for 
both polarizations. On the long wavelength 
side of the absorption edge beyond 2 /x. the 
average value of the index of refraction 
is 3-51. 

Transmission measurements were per¬ 
formed over the wavelength range of 0-42 
to 7-7 ix on many single crystal samples with 
thicknesses,$pSfin 0-23 to 342/a- The absorp¬ 
tion coefficient$, ! 3%,were calculated by digital 
computer pi&cedures using the following 


expression for the average transmission 
through semiconductor crystals: 

T (1 — R) t e~ a ' 1 
1 - /? 2 e‘' 2a " 

where R is the reflection coefficient at normal 
incidence and d is the sample thickness. Such 
numerical methods have been discussed by 
Kahan[13]. Figure 3 shows the variation of 
the absorption coefficient in the high absorp¬ 
tion region for both polarizations of the in¬ 
cident radiation, and Fig. 4 shows the cor¬ 
responding variation in the low absorption 
region. In Fig. 3 at the onset of the funda¬ 
mental absorption edge in the narrow wave¬ 
length range of 0-770 to 0-795 /x, the separa¬ 
tion of the two curves is less than 42 A which 



Fig. 3. Absorption coefficient vs. wavelength at 300°K. 
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Fig. 4. Absorption coefficient vs. wavelength on the high- 
transmission side of the fundamental edge. The separa¬ 
tion of the two branches for each polarization in the low 
absorption region indicates the maximum range of 
variation for all samples The insert figure continues 
the absorption behavior for unpolarized radiation to 
longci wavelengths. 

was the resolution of the system in this wave¬ 
length interval. 

In Fig. 4 on the long wavelength side of the 
absorption edge, the curves are split into two 
branches for each polarization showing 
the maximum range of values obtained for 
different samples examined in this region. 
The insert section of Fig. 4 continues the 
absorption coefficient behavior with un¬ 
polarized radiation out to 7-7 ( a. Some 
structure is to be noted in the low absorption 
region, principally, the peak at A = 1-22 /a. 
(1 -02 eV) occurring in the E L b data for all 
samples. 

ANALYSIS AND DISCUSSION 

Both curves in Fig. 3 were examined for 
evidence of direct and indirect band transi¬ 
tions. For direct transitions, the absorption 
coefficient should vary with photon energy 
as (h „ — E/) m lhu, where m is 1/2 for allowed 
transitions and 3/2 for forbidden transi¬ 
tions; the direct band gap is E„ d [14]. An 
analysis of the data for E\\b in Fig. 5 shows a 
good fit for a forbidden direct transition over 
the energy interval of 1 -6 to 1 -9 eV. The extra- 
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Fig. 5. (ahv) m vs. photon energy extrapolated to the 
direct band gap energy value. 

polated band gap value is l-48±0-01eV. 
Above l-9eV the absorption data for E\\b 
does not fit any recognized dependence 
on photon energy. 

For E x b the best fit is obtained for an 
allowed direct transition over a rather 
narrow energy range as shown in Fig. 6. 
The extrapolated direct band gap value is 
1-57±0-01 eV. In the high absorption region 
(in Fig. 3) the E x b curve is seen to cross and 
recross the E\\b curve. In this region at the 
slight knee in the curve (A 0-48 /x) over the 
energy interval of 2-45 to 2-75 eV. there is 
again some evidence for a fit to an allowed 



Fig. 6. (ahv ) 1 vs. photon energy extrapolated to the 
direct band gap energy value. 
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direct transition dependence on energy with 
a band transition energy of ~ 2-4 eV, but 
the reliability of the fit in this region is ques¬ 
tionable. 

For indirect transitions the absorption 
coefficient should vary as (hv — E u '±E u ) n lhv 
where n is 2 for allowed and 3 for forbidden 
transitions; EJ is the minimum forbidden gap 
energy and E p is the energy of the photon 
being absorbed (+) or emitted (—) in the 
transition [14]. An analysis of the absorption 
datafor both E\\b and E L b was made to identify 
indirect transition mechanisms in the low 
absorption region. Both curves show a fit 
to an allowed type indirect transition only 
over an energy interval of less than 0-09 eV; 
the indirect energy gap is the same for both: 
EJ « 1-47±0 01 eV. However, just as good 
a fit is obtained for a forbidden type indirect 
transition also over an energy interval 
of 0 09eV. and the indirect energy gap 
is again the same for both: EJ « l-42± 
0-01 eV. Figure 7 shows the fit for the 
E x b data to both the allowed and forbidden 
indirect transition dependence on photon 



Fig. 7. (ahv)" 3 and (a hv)' 12 vs. photon energy extra¬ 
polated to the threshold energy for indirect phonon 
assisted transitions, 


energy. The corresponding plot for the 
E^b data, not reproduced here, is nearly 
identical to Fig. 7. 

The difficulty in obtaining a well defined 
region for identifying any possible indirect 
transition is attributed to the rather high level 
of background absorption, on the order of 
HFcm' 1 as shown in Fig. 4. In the case of 
the E\\b data the band gap energy for an 
allowed indirect transition is within experi¬ 
mental error of being identical to the direct 
band gap value; for the forbidden indirect 
transition the band gap energy is only 0 06 eV 
less than the direct band gap value. Thus, 
the establishment of an indirect band gap for 
E||6 is not clearly resolved from the optical 
data. For E A b there appears to be an indirect 
band gap at least 01 eV below the direct 
band gap at approximately l-45eV, but a 
preference for either an allowed or forbidden 
type transition cannot be determined. Most 
of the features shown in Fig. 3 for SiAs have 
been observed by Rauf 12] with GeAs which 
also has a background absorption in the low 
absorption region at ~ KFcnr 1 . 

Thermoelectric probe tests indicate all 
material studied to be p-type. Electrical 
resistivity at 300°K varied from 10 to 4500 — 
cm. lng et al. [6] have performed optical 
transmission measurements on n-type crys¬ 
tals of SiAs containing about 5 at. % tellurium 
with an electrical resistivity of 1-4 X 10 :| O-cm. 
They report an optical band gap of 2-2 eV, 
but found only an extrinsic activation energy 
of 0-28 eV from a study of resistivity vs. 
temperature in the Te doped material. The 
present authors believe the much higher 
optical band gap resulted from performing 
the transmission measurements on extremely 
thin crystals which did not show any appreci¬ 
able absorption until well beyond the onset 
of the fundamental edge. 

The optical measurements on undoped 
material discussed in this paper have shown 
that SiAs is a semiconductor which is in agree¬ 
ment _with the discussion of Hulliger and 
Mooser[ 5]. The knee in the absorption curve 
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for polarization of the incident radiation 
both parallel and perpendicular to the prin¬ 
cipal crystallographic axis of symmetry at 
the same wavelength, approximately 0 75 pt, 
has been identified as belonging to a direct 
band transition mechanism. The exact nature 
of lower energy indirect type band transi¬ 
tions is not entirely clear from the above 
analysis. More extensive electrical measure¬ 
ments are now in progress at this laboratory 
which would help to clarify this point. 

Acknowledgement — The authors would like to thank 
Dr. J. W. Rau for many helpful discussions during 
the course of the optical measurements. 
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Abstract - By means of the Mdssbauer effect, magnetic hyperfine splitting of dilute Er impurities in 
Zr has been observed in the paramagnetic state, without applied field. From analysis of ihe fully- 
resolved splitting seen at 4-2°K, we are able to determine the hyperfine coupling constants between the 
ground Kramers doublet of the electronic moment and the excited-state nuclear spin. By considering 
symmetry-imposed limits on the possible values of the electronic g tensor, we are able to show that 
the magnetic hyperfine coupling constant is at least 15 per cent larger than its value for Er in insulator 
hosts, which enhancement we attribute to conduction-electron effects. To our knowledge, this is the 
first measurement of such a conduction-electron contribution in a non-ferromagnetic system, as well 
as the first observation of magnetic hyperfine splitting in the zero-field paramagnetic state of a dilute 
alloy. 


1. INTRODUCTION 

We have recently briefly reportedfl] the 
observation of resolved Mdssbauer magnetic 
hyperfine splitting of localized Er moments in 
Zr, in the absence of an external field. The 
observation of this splitting is possible because 
the relevant electronic relaxation rates are 
slow at 4-2°K. At higher temperatures, a 
characteristic relaxation-induced transforma¬ 
tion towards a single-line spectrum sets in, 
which is essentially complete by 35°K. These 
relaxation effects are well understood and will 
be discussed in a separate paper [2j. In the 
present paper, we give a detailed analysis of 
the resolved splitting pattern obtained in the 
slow-relaxation, low-temperature limit. This 
means we are interpreting the lines of the 
spectrum as corresponding to energy levels 
of the isolated, quantum-mechanical system 
of electronic spin plus excited-state nuclear 
spin. The analysis has important differences 
[3] from the case of splitting induced by a 
classical field acting on the nucleus, and is 
more complicated; but we will be able to 
establish a unique solution and to gain a great 
deal of information about the electronic spin 
state as well as the intrinsic hyperfine coupling 
strengths. One can hope to carry through 


such an analysis successfully whenever, as in 
the present case, one is working with a reason¬ 
ably simple gamma transition with an intrinsic 
linewidth small enough to give good resolution 
of the individual lines. 

The most important specific results of the 
present paper will be (1) determination of the 
eigenstates of the coupled system of nuclear 
and electronic spins, in effective spin lan¬ 
guage, which is an essential prequisite for 
correct treatment of the relaxation pheno¬ 
mena; (2) determination of the approximate 
angular-momentum state vector and g tensor 
of the electronic ground doublet, which yields 
information concerning the size of the 
magnetic moment, EPR resonance frequen¬ 
cies, bulk magnetic properties, etc.; and (3) 
demonstration that the magnetic hyperfine 
coupling constant of erbium in zirconium 
metal is at least 15 per cent larger than in 
insulator hosts, presumably due to conduction- 
electron effects. 

2. EXPERIMENTAL METHOD AND RESULTS 

Since we wish to measure an effect of 
individual moments, it is essential to work 
with alloys sufficiently dilute that impurity- 
impurity interactions be small. For rare earth 
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moments, indirect interactions via conduction 
electron spins and direct magnetic dipole- 
dipole interactions are expected to be roughly 
comparable, and estimates suggest that con¬ 
centrations should be limited to a few tenths 
of an atomic percent, although the interaction 
effects are difficult to evaluate theoretically 
and have not yet been systematically studied 
experimentally. With this dilution and for all 
but the lightest host materials, the electronic 
photo-absorption will outweigh the resonant 
nuclear absorption so strongly as to preclude 
use of the alloy as absorber in a recoilless 
gamma-resonance experiment; it is necessary 
instead to use the alloy as source together 
with a single-line absorber. 

We have chosen to work with the 80-6 keV 
gamma transition of l9fi Er because it has a 
relatively simple 2 f () + transition with a 
narrow intrinsic linewidth. ,fl(, Ho serves as 
source for the transition, and the electronic 
rearrangement to Er structure following the 
nuclear decay should be essentially instantan¬ 
eous for our purposes 14]. Zr was chosen as 
host because Ho is soluble in it to several per 
cent [5] and because it has an unusually small 
neutron capture cross section, permitting the 
whole alloy to be irradiated to activate the Ho. 
A number of buttons of concentration 
approximately 0-2 at ,7c Ho -Zr were prepared 
by arc melting. Slab-shaped samples were 
sawed from the alloy buttons and etched 
carefully to remove sawing damage; the final 
slabs were about 1 mm thick. Although Zr 
has a cubic beta phase above 860°C, X-ray 
diffraction showed only the hexagonal alpha 
phase to be present in our samples. After 
neutron irradiation of the slabs in the 
Forschungreaktor Miinchen, their recoilless 
gamma emission spectra were measured, 
using ErAI 2 at 77°K as the single-line absorber, 
The apparatus and cryostat were of con¬ 
ventional design [6]. 

,fif^j|^FFECTIVE SPIN HAMILTONIAN 
Tjjjk principal concern of the present paper 
is to analyze quantitatively the spectrum 


observed at 4-2°K (Fig. 1) by interpreting the 
individual peaks as corresponding to energy 
levels of the isolated quantum-mechanical 
system of electronic spin plus excited-state 
nuclear spin. Actually, the system is not 
completely isolated: some relaxation coupling 
to the conduction electron spins persists at 



Fig. I. Mossbauer spectrum of '“Er as a dilute impurity 
in Zr at 4-2°K. The curve was calculated using the best- 
fit effective spin Hamiltonian constants of the present 
paper, together with the relaxation lineshape of [2J. 

4-2°K and provides a very satisfactory 
explanation of the differences in widths 
and depths of the different lines]2J. How¬ 
ever. according to the theory such moderate 
relaxation effects should be accompanied 
only by very small shifts in the peak posi¬ 
tions (not more than 0-03 cm/sec) which 
may be neglected without appreciable error. 
For our analysis, accordingly, the energy 
levels were identified with the line centers as 
determined from a phenomenological 5-line 
Lorentzian fit. 

According to theory and empirical observa¬ 
tion [7], the Er moment should be well 
describable as a 4/" configuration L-S 
coupled to give a total angular momentum 
J = 15/2, and split by the crystalline field. The 
hexagonal C :ill point symmetry 1 of the Zr host 
yields eight Kramers doublets, and previous 
experience with crystalline fields acting on 

1 Wc assume Ihe Er to dissolve substitutionally into the 
Zr lattice; this is expected on metallurgical grounds al¬ 
though we have no direct evidence that it occurs in the 
present case. The somewhat larger Er ion will cause a 
distortion of the Zr lattice in its vicinity which should be 
predominantly radial and hence leave the point symmetry 
about the Er site unchanged to good approximation. 
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rare earth ions in metallic hosts [8] suggests an 
overall splitting of 70-200 cm -1 . Thus the 
a priori chances are good that only the ground 
state doublet is appreciably populated at low 
temperatures, and experimentally we see no 
indication of anything more than the 5 lines 
which a single doublet should give. The most 
general hyperfine interaction with the ground 
doublet is 

Hhj — A + A J / j-S j. + / U S U ) 

■f (fl/4)[3// —/(/+ 1 )j/(2/ 2 — /> (1) 

where z is the local hexagonal axis, S is an 
effective spin 1/2, and / is the nuclear excited- 
state spin. The quadrupole coupling constant 
0 contains contributions both from the lattice 
(enhanced by anti-shielding)[9] and from the 
4/ shell [10]. Because of symmetry, the 
quadrupole contribution comes only from the 
z-z component of the 4/ quadrupole operator. 
Since the 4 f spin is being treated quantum 
mechanically, the remaining components of 
the 4 f quadrupole operator would have to be 
taken into account except for the fact that 
they vanish identically (not just as time 
averages) within a single doublet of a crystal¬ 
line field having no V 2 -* components. The 
Hamiltonian (1) has trace zero; an additive 
constant, corresponding to a chemical shift, 
has not been included since experimentally 
the sum of the five peak velocities is zero very 
exactly (±0-01 cm/sec). 

Solving the Hamiltonian is elementary and 
yields the energy eigenvalues 

£,=/!„ + 5/4. (2a) 

E 2 , = (-/*!,+ B/4 ± + \ 6A \*)I4 

(2b) 

E, , = (-/!,,-30/4 ± V(A^ BW+ 24^7)/4. 

(2c) 

These equations may be inverted to give 
expressions for the three spin-Hamiltonian 
constants A u , A v and B in terms of the 
energies. However, the determination of the 


constants from the measured energy levels 
is not trivial since there are a large number of 
ways in which the experimental levels may be 
assigned to the theoretical E,\ in fact there are 
51/4 = 30 possibilities, taking into account 
that E 2 > E 3 and E 4 > E 5 by definition. Since 
their sum is zero, the five experimental levels 
constitute four independent quantities, and, 
for each of the 30 possible level orderings, 
yield determinations of the three constants 
plus one consistency check. These were 
worked out and those level orderings dis¬ 
carded which lead to bad consistency checks 
or to imaginary values of the constants. For 
those orderings yielding solutions which 
merited further investigation, the values of 
the constants were adjusted in each case to 
locally minimize the mean-square error of a 
Lorentzian fit to the data, and the optimized 
fits for the various orderings were compared. 
The results decided unambiguously in favor 
of the solution in which the levels are £,, 
E n , E 5 , £ 4 , E-, (referring to equation (2a-c)) 
in order of increasing energy; the solution is 
produced by the best-fit parameters 

/!„ = (-4-280 ±0-014) cm/sec 

= - 11 -50 x l()-«eV (3a) 

\A ± \ — (0-903 ±0-015) cm/sec 

= 2-44 X 10 ,: eV (3b) 

(0/4) = (-0021 ±0-01) cm/sec 

= -0-060 x 10 -6 eV (3c) 

where the errors given are purely statistical. 
The corresponding fit has a mean square 
error slightly less than statistically expected. 
The second-best solution gave almost twice 
as great a mean-square error and corres¬ 
ponded to a quadrupole coupling (0/4) = 
9-2xl0 _(i eV, which we consider inadmiss- 
ably large (see discussion below). The remain¬ 
ing solutions gave clearly unsatisfactory fits. 
It should be noted that the relaxation theory 
[2] depends sensitively on the correct choice 
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of eigenstates for the nuclear-electronic spin 
system, so its success in reproducing the 
experimental lineshapes at various tempera¬ 
tures is a further check that the solution we 
have found is the correct one. 

Assuming the total electronic angular 
momentum, J, to be a good quantum number, 
the magnetic hyperfine interaction can be 
written more generally as A 0 I J, where the 
magnetic hyperfine tensor (A, t , AJ of the 
effective spin Hamiltonian is related to the 
magnetic hyperfine coupling constant A„ 
by (A ||, ^> = (#11, gJAjA, where A = 6/5 
is the Lande factor. The tensor is what is 
directly measured but the constant A„ is the 
more fundamental quantity since it does not 
contain crystal-field effects. The exact value 
of A a is an interesting question to which we 
will shortly return, but we know that since the 
4/ shell is well shielded from the chemical 
environment it must have approximately 
the value' A» — 1 00 x 10~“ eV found for 
I88 Er in insulating hosts (11, 12]. This yields 
the g-values g|, = — 14 and |gj | = 3. 

We wish to emphasize that in the Mossbauer 
technique the sign of A„. and hence of g„. 
is experimentally significant]. although, as 
can be seen from equations (2bc), the sign of 
A L or g ± is not. This is ultimately because 
the electronic moment is interacting with a 


•So far as we are aware, the sign of the nuclear g 
factor of the 80-6 keV state in ’“Er has not been meas¬ 
ured, but according to nuclear theory it must be positive 
for such a rotational level. Together with the assumed 
dominance of the 4 f orbital contribution to the field at 
the nucleus, this determines a positive sign for A„. 

tWe remind the reader that the definition gS = A J 
fixes the signs of the components of the u tensor without 
ambiguity, so long as # 0, since the condition 

A(5, = — 1/21715, = 1/2) « f-j (”)"(5 + )Q = 0 

uniquely determines which state of the Kramers pair 
must be associated with 5, = +1/2. 

If one chooses to aliow the possibility g, = -,e„, then 
the correct statement is that we have determined the sign 
of the g tensor to be negative. It can be shown that this 
exhausts the totality of physically significant sign informa¬ 
tion in/ifec g tcntt£/5ee BLUME M..CiESC'HWIND S. 
and Y^JFET Y.. fWffifcRev. 181.478 <!%«». 


quantum-mechanical spin, /, rather than with 
a classical field, and contrasts with the case of 
EPR where only the absolute values of g [{ 
and g ± are significant for the resonance 
frequency. 

4. THE ELECTRONIC STATE 
It is now possible to go beyond the effective- 
spin Hamiltonian analysis to consider the 
actual angular-momentum state vector of the 
crystal-field ground doublet. Assuming strong 
L-S coupling so that the total angular momen¬ 
tum, J , is a good quantum number, the C :ttl 
crystalline field in the hexagonal lattice 
couples J t components differing by ±6, so the 
symmetry-allowed states are of the forms 

| ± ) = a\ ± 15/2) +b\ ± 3/2) + r| + 9/2) (4a) 
|±> = a\ ± 13/2) + b\± 1/2) + <•)+ 11/2) (4b) 
|:t) — «| ± 7/2) + c-| + 5/2) 1 (4c) 

where the coefficients a, b , and c may all be 
taken as real and c may be chosen positive. 
(4a) cannot be the correct form since it gives 
g L = 0. The form (4c) must also be ruled out 
since it gives g n s* — 2 A(5/2) = — 6, as com¬ 
pared to gij = — 14 found above. This leaves 
the form (4b), which is specified by two 
independent amplitudes after imposing 
normalization. Only a certain range of 
g-values is generated by states of this form. 
It is cleat that our large negative value of 
gi will require c = 1 , with a and b small. In 
fact, the value of g lt estimated above is 
more negative than is allowed. This means 
that the approximate value used for A 0 
was too small and must be increased, with 
corresponding decreases in the implied values 
of g ,i and g x . Numerical analysis, the details 
of which need not be given, shows that 
allowed solutions are reached for A a ^ 115 x 
10~ 6 eV. The solutions at the threshold value 
of A„, for example, are 

ftw ~ ~ 120, g x —± 2-55, c = 0-98, 

a =±0-20, b = 0. (5) 
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The significance of the lower limit on A 0 
will be discussed in the next section; for the 
present, we remark that in view of the expec¬ 
ted dominance of the 4/orbital contribution to 
the hyperfine field, we consider it improbable 
that A o can be very much larger than the lower 
limit. This means that the values given in 
equation (5) should represent useful approxi¬ 
mations to the actual electronic state. 

Let us now consider briefly the quadrupole 
interaction [10]. By using our approximate 
electronic state of equation (5) we can calcu¬ 
late the 4/ quadrupole operator to be 0-27 
times its value in the fully polarized J = 15/2 
state. Comparing with the quadrupole inter¬ 
action measured in erbium metal 113] for a 
fully polarized 4 f shell, we deduce (BI4) V » 
0-26 X 10~ 8 eV. The quadrupole field gradient 
from the lattice is just the A 2 ° coefficient of the 
crystalline field, multiplied by conventional 
numbers and the Sternheimer antishielding 
factor [ 9]. Inserting these numbers and 
requiring that the total crystal-field splitting 
[8] not be more than 300 cm - ', which places 
a limit on /L>°, we calculate |(B/4), at ,| s 0 8 
X 10~ 8 eV. We have previously invoked these 
quadrupole-interaction estimates as an 
additional argument against certain solutions 
for the effective-spin Hamiltonian constants 
requiring a very large quadrupole interaction. 
We may now reverse the argument and com¬ 
bine the measured total quadrupole coupling 
(Bl 4) with the calculated (13/4)^ to determine 
(fi/4)|. m = — 0-3 x 10~ 6 eV, which implies 
A 2 " (r 2 ) —500 cm 1 . To obtain the effective 

crystal field acting on the 4/ shell one must 
multiply this by an electronic shielding factor 
(I — cr>), which is rather uncertain since it seems 
to be sensitive to the chemical environment in 
a real crystal. Assuming the theoretical value 
[9, 14] » 0-5, this value of A 2 ° (r' l ), if it were 

the dominant crystal-field term, would corre¬ 
spond to a total splitting of about 100 cm -1 . 

S. CONDUCTION ELECTRON EFFECTS ON 
MAGNETIC HYPERFINE COUPLING 

In the previous section we established a 
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lower limit on the magnetic hyperfine coupling 
constant, A 0 s* H5 x 10~ 8 eV, the signifi¬ 
cance of which we will now examine. Bleaney 

[11] has given an empirical systematization 
of the data on magnetic hyperfine coupling 
of lanthanons, including ,67 Er in insulator 
hosts, which may be adapted to the present 
case since the ratio of nuclear moments of 
l67 Er and ,R8 Er has been accurately measured 

[12] . Following convention, we will usually 
give the magnetic hyperfine coupling constant 
in terms of equivalent (r~ 3 ) 4/ values, without 
meaning thereby to imply anything about the 
actual physical origin of the contributions. For 
Er in insulator hosts. Bleaney finds a mag¬ 
netic hyperfine interaction corresponding to 
(r~ 3 )*m — (10-60 — 0-15)a n “ :l . where the 
dominant first term is the shielded orbital 
4/ contribution and the second is a core 
polarization correction. (For 18B Er (r -3 ),,,,,, = 
10-45 a 0 ~ 3 corresponds to A 0 = 1 -00 X 10 -6 
eV, or to a field at the nucleus of 7-63 x 10 s 
Oe. if J : = 15/2.) This value is thought to 
be good to within 2 per cent for various insula¬ 
tor hosts[ 11], so the presumption is that any 
larger deviations found in metallic hosts must 
be due to direct or indirect conduction-electron 
effects. 

There is in fact considerable evidence for 
such extra contributions, although in some of 
the earlier references they are not interpreted 
as A, i shifts since the insulator A n values were 
not then accurately known. For example, 
Cohen and Wernick[15] have measured in 
ErFe 2 a magnetic hyperfine splitting corres¬ 
ponding to (r _3 ),,y U = 11,5 a 0 3 , or an extra 
contribution of 760 kOe. compared to the 
Bleaney value. A number of other Laves- 
phase compounds have been studied, and it 
appears that for a given chemical environment 
the extra contribution, expressed in Oe, is 
comparable for various rare-earth ions, 
whether S-state[16] or non-S-state[15, 17, 
18], The magnitude of this contribution ranges 
from about - 400 to + 800 kOe. corresponding 
for 168 Er to a shift in A 0 of —5% to+ 10%. 
The situation for erbium metal is not entirely 
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clear since there is uncertainty concerning 
the electronic moment per Er ion. Hiifner 
et a/. [13] prefer an interpretation yielding an 
extra contribution of -H20kC)e, but by 
assigning a smaller value derived from neutron 
diffraction to the moment, an extra contribu¬ 
tion of + 700 kOe can be obtained. 

The lower limit we have established for 
A 0 in Er -Zr corresponds to <r _3 ) t , qu = 12-0 
a 0 " : \ an increase of 15% over the insulator- 
host value, or to an extra field of 1140 kOe. 
when referred to the J z = 15/2 state. The 
particularly interesting feature of our result 
is that, in contrast to the other cases cited, 
our metal is not ferromagnetic. A specific 
mechanism which has often been invoked in 
discussing a conduction-electron contribution 
to the hyperfine field is the action of a partially 
polarized conduction-electron band on the 
nucleus, either directly through the Fermi 
contact interaction or with a further indirect 
contribution by induced core polarization. 
In our case at least, this explanation cannot 
be correct since there can be no polarization 
of the band as a whole; the effect must be 
local. 

One possible local mechanism is a charge¬ 
screening effect causing the Af shell to distend, 
but this explanation is considered untenable 
on theoretical grounds due to the isolation of 
the 4/'shell, and because it fails to account for 
the large conduction-electron effects seen in 
4/' 7 S-state ions[16]. More likely is the 
formation of a localized cloud of conduction- 
electron polarization, in the vicinity of each 
ion and due to the ion itself, which then acts 
back on the nucleus directly and via induced 
core polarization. In this connection, it should 
be remembered that the rare earth atom has 
a 5d'6s 2 ground-state or low excited-state 
valence configuration, and that the trivalent 
ion may tend to form a 5 J virtual bound state, 
which would give an enhanced local spin 
susceptibility. 

>; ft* 

* ‘ . 

6. CONCLUSIONS 

We hope that the present work has demon- 

* 


strated some of the power of the recoilless 
gamma resonance method as a tool for the 
investigation of localized moments and their 
hyperfine interactions. Hyperfine splitting in 
the zero-field paramagnetic state, besides 
being an interesting phenomenon in itself, 
can yield detailed information about the 
electronic state of the moment. In the present 
case, we were able to determine accurately 
the magnetic and quadrupole couplings in the 
effective spin Hamiltonian, fix the sign of 
and determine the approximate values of 
gii and g x and of the state vector of the 
crystal-field ground doublet, and to estimate 
the A / 1 coefficient of the crystal-field potential. 
In addition, aided by a fortunate value of the 
g-tensor near a symmetry-determined limit, 
we were able to establish the presence of an 
extra positive contribution to the hyperfine 
field as compared to its value in insulator 
hosts, which we attribute to the influence of 
conduction electrons. This appears to be the 
first time the existence (or non-existence) 
of such a conduction-electron contribution 
has been established in a non-ferromagnetic 
substance, and as such should be very signi¬ 
ficant for the theory of hyperfine interactions. 

It would be particularly interesting if the 
electronic g values of Er-Zr could be directly 
determined by EPR, which would then com¬ 
pletely fix the value of the magnetic hyperfine- 
coupling constant. The relaxation times are 
sufficiently long to permit such a measurement 
at 4°K in a high-sensitivity apparatus, pro¬ 
vided that a suitable single-crystal sample can 
be prepared [19]. 
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Abstract —A Green function method is used to determine the spin wave energy in the itinerant model 
for a ferromagnet. The self energy used is the /-matrix approximation in a one band model using the 
Hubbard Hamiltonian. Within this approximation the relevant diagrams for the transverse spin sus¬ 
ceptibility are summed and a formal expression is obtained for the spin wave dispersion relation valid 
for all values of the wave vector q in the low density limit. This expression reduces, in the appropriate 
limit, to the RPA result with the bare interaction V replaced by i. 


1. INTRODUCTION 

The problem of calculating the energies and 
lifetimes of spin waves in ferromagnetic 
metals has received much attention. Our dis¬ 
cussion will be based here on the one band 
contact interaction Hamiltonian extensively 
studied by H ubbard [ 1 ]. 

H =2 e(k)<«„,,+ V X «, T «, r (1.1) 

k.r I 

Here the operators , a create or annihil¬ 
ate an electron in a band state of wave vector 
k and spin a. whose energy is e(k). The oper¬ 
ators t z, r /),| are number operators referring 
to a Wannier state centered around lattice 
site R ( , and we pictorially refer to //,, as the 
number of electrons of spin up on lattice site /'. 
The quantity V describes an interaction be¬ 
tween electrons of opposite spin on the same 
site. It is positive and may be large. 

The energy and wave function for the com¬ 
pletely ferromagnetic state of a system of 
electrons with the Hamiltonian (1.1) are de¬ 
termined easily since, if the band is less than 
half full, there is no interaction in this state. 
If the band is more than half full, we may 
change from electron to hole operators, and 
the same conclusion holds except for a change 
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in the zero of energy. The energies of other 
states cannot be determined so readily; how¬ 
ever. there is good evidence that the ferro¬ 
magnetic state is the ground state for some 
values of the interaction strength V and some 
values of the particle density [2-4]. 

In this work, we consider states with a 
single reversed spin. These states include 
spin waves, and our concern will be with the 
determination of the energies of spin waves. 
This problem has been studied by several 
authors [5-8]. For long wave length spin 
waves, it follows from general considerations 
that 

E = D(\ l (1.2) 

where q is the wave vector of the spin wave. A 
formally exact expression for D has been 
given by Edwards, and the evaluation of this 
for a particular band structure has been con¬ 
sidered by one of us elsewhere[9]. When q is 
not small, the situation is still confused. A 
number of authors have derived an integral 
equation from which spin wave energies may 
be determined. This is 

(0) i 

1 = l/ ? e(k + q)-€(k)+V>-£’ (K3) 

The sum includes occupied states only, as is 
indicated by the superscript (0) on the summa- 
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tion sign. However, this equation is incorrect, 
as it leads to a result in the long wave length 
limit which has serious defects, as will be dis¬ 
cussed below. 

The situation is as follows. Edwards' result 
for D is, at T = 0. the following 

£> = —i— y l~v^(k) — 2 +. 

U 6IVp£L ' L/(k) J 

(1.4) 

where N is the number of cells in the crystal, 
Np is the number of electrons, and U(k) is 
given in the low density limit by 

U{k) = tp (1.5) 

where / is an approximate t matrix element 
and p is the particle density. For low densities, 
t may be approximated by 

,== 1 +IV1 (1,6) 

where 

, = kj ' (L7) 

The sum here includes only unoccupied states. 
We see that t is independent of k, however, 
it depends on particle density through the 
summation. 

In contrast, a small q expansion of equation 

(1.3) leads to an expression for D of the form 

(1.4) , however, in this case one has, instead 
of (1.5) 

U(k) = Vp. (1.8) 

The difficulties with this approximation be¬ 
come apparent for large V. In this limit (1.8) 
predicts that for sufficiently large V, D Will 
be positive; that is, the ferromagnetic state 
will be stable against spin wave excitations, 
regardless of the particle density. This result 
cannot be correct. When V is large, the theory 
^gomes in many respects similar to that of a 


hard sphere Fermi gas, in which the effective 
interaction is measured by the scattering 
length rather than the potential strength. 

Edwards results apply only to long wave 
length spin waves at T = 0°K. It is of con¬ 
siderable interest to try to obtain a more 
adequate expression for spin wave energies 
which (1) would yield the expression for D 
with the t matrix in the appropriate limit, and 
(2) would enable a calculation of the energy 
for any q. and for finite temperatures, and in 
addition, would enable an estimate of spin 
wave lifetimes. It seems plausible that this 
might be done by replacing V by some ap¬ 
propriately defined t matrix element in (1.3), 
by including Fermi factors appropriately, and 
by adding a small imaginary part to the denom¬ 
inator. The replacement of V by t was orig¬ 
inally suggested by Izuyama and Kubo[101, 
but. to our knowledge, a formal justification of 
such a procedure has not been given. It is 
the object of this paper to show that this ex¬ 
pectation is correct. 

2. DIAGRAMMATIC TECHNIQUES 

For simplicity the results will be derived 
for absolute zero. The finite temperature 
expressions are simple generalizations of this 
case. We shall assume that the spin wave 
excitation of wave vector q is given by 
S(q)|'l , () ) where |^ 0 ) is the ferromagnetic 
ground state described by the equation: 

I %> = a* lt a*, r .«4 f i°) (2-D 

where |0) is the bare vacuum. The operator 
S(q) is taken to be 

S(q) = £ « + k+ ,j« kr (2.2) 

k occ 

The probability amplitude that, if we create 
a spin wave at time t = 0. we find it at a later 
time t is given by x(q, 0 which is defined by 

X(q, t) = - <'Po|r(S + (q, t)5(q))|%). (2.3) 
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Figure 1 gives the graphical representation of 
the functionx(q). 

We define the Fourier transform x(q) by 

00 

\(q) = / dle^xfq,/). 

—oo 

The pole of \(q) gives the energy and lifetime 
of the spin wave. Note that we have used a 
four-vector notation i.e. q = (q, q 0 ). 



Fig. I. Graphical representation of y (</). 

The function x(q) is calculated by the usual 
diagrammatic rules [11] where the free particle 
Green’s functions are given by 


The merits and disadvantages of this Hamil¬ 
tonian have been discussed elsewhere[12]. 
The form of the interaction in equation (2.6) 
is such that only particles of opposite spin 
interact. Because of this and the absence of 
down spin hole lines the exact up spin 
propagator G f is identical to the free up spin 
propagator G 0 1 • 

The down spin propagator G j is given by 
Dyson’s equation 

gT(A) = G 0 1 , (A)-S (k). (2.7) 

The self energy 2(k) will be evaluated in the 
/ matrix approximation, which is exact in the 
low density limit. Diagrammatically, the ap¬ 
proximate 1 is represented by the series of 
diagrams shown in Fig. 2. Using the standard 
rules for these graphs we find 

Z {K} 1 —iVG i [k,)G t (k + l, — ki) 

where for convenience we have adopted the 
convention that all subscripted variables are 


and 


G»t(*) = 


1 

k 0 — e k +i& k ' 


8 k = 8 for A: unoccupied 
= — 8 for k occupied 


(2.4) “O = —o + Q) + 

Fig. 2. Down spin self energy insertions. 

to be summed over. Defining the t matrix by 
the equation 



G 0 i(k) = 


k„ -e k + /6' 


(2.5) 


/(*■/) = 


1-iTG i(k,)G f (k + /-k t ) 


(2.9) 


These expressions follow directly from our 
definition (2.1) of the ground state. It is 
observed that there are no hole lines for a 
down spin particle and this is reflected in the 
appearance of 6 instead of 8 k in the down spin 
propagator. 

The Hamiltonian (1.1) can be rewritten in 
the Bloch representation as 

tZ ( 2 . 6 ) 


we may write 

X (Ac) =-iGt(/,)f(Mi). (2.10) 

Let us now consider the two particle pro¬ 
pagator x(<?)- The approximation we make for 
X must be consistent with that for 1. One can 
readily convince oneself that the series of 
diagrams in Fig. 3 is the required set. The 
solid lines in Fig. 3 are, of course, the particle 
lines dressed according to the self energy 



W. YOUNG and J. CALLAWAY 


868 



Fig. 3. Irreducible vertex part in x(<7)- 

given in equation (2.8). The value of the 
diagram given in Fig. 3 is the expression 

IG t {k,)G i (k } + q)t(k„ k\+q)G f (k[) 
Gi(k[+q). (2.11) 


paper. We shall use this to derive the spin 
wave energy. It has been shown by one of the 
authors[9] that the t matrix may be taken to be 
constant in the low density limit. If we assume 
this the integral equation (2.12) for F is easily 
solved. Defining Xo(?) by the equation 

Xn (q) = Gt (k,)G U^+q) (2.14) 

we obtain 

a,5) 


To evaluate x(q) we must iterate the dia¬ 
gram given in Fig. 3 i.e. we must consider the 
series represented by the graphs in Fig. 4. If 
we define the vertex function F(k, k' +q) by 
the integral equation 

V(k, k' + q) — t(k, k' +q) +it(k, k, + q) 

GUf(i)Gi(k { + q)V(k u k'+q). (2.12) 

The contribution to x(q) coming from Fig. 4 
is the expression (2.11) with V replacing t. 


Using equations (2.13-2.15) we obtain 


x(q) = 


_ Mai 

i -itx-o(q)' 


(2.16) 


Expression (2.16) is in exactly the same form 
as the RPA result except that the bare inter¬ 
action Fhas been replaced by /. 

The dispersion relation for the spin waves is 
given by 

l = /r x „(<7) (2.17) 



Fig. 4. Contributions to the function F (k, k' + q). 


Adding this to the contribution from the 
zeroth order graph we have 

X(<7)=G| (*.KU (kt + q) + iGl (*,) 

Gi (k l + q)V(k u k\ + q)G | (k[)G j (k\ + q). 

(2.13) 

The e^iiressMUi (2.13) for the transverse spin 
susceptibility xtk) is the main result of the 


where 


x<>(< 7 ) = ‘ 2 7x737—zr:- 


( 2 . 18 ) 


Thus we have 


1 - y - 

^ tp-q„-e - 


(2.19) 


k+q 


For small q we may expand the denominator 
to second order. Using the expansion 
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€ k+t ,-e k = (q.V)£ +|(q.V)*6 k (2.20) 
we have 

£ x(q-V) 2 € k —[(q .V)e k ] 2 /tp (2.21) 

" kocc. 4 

where the gradient operator is taken in k space 
and the linear terms removed by argument of 
time reversal symmetry. Furthermore, for 
cubic crystals we have 


i(2n + 1 )ttT and q B is replaced by UnirT, 
where n is an integer and T is the tem¬ 
perature. 


(2) The integration 



must be replaced 


by iT 2 

n =■'—<*> 


(3) The quantity \(q) is replaced by /'x(<7)- 
For instance the finite temperature t matrix is 
given by 


<?«=£ 2 {V*e k -2|Ve| Vtp}. (2.22) 

r k OCC 


t(k ’ l) \ + VG\ (k+l-k t )G l(k t ) 


The expression for the spin wave energy 
q 0 is not new and has been derived previously 
by one of the authors using the formulation 
given by Edwards. We may observe here that 
although the expression given by Edwards[8] 
is exact to order q 2 , it is very limited in 
scope. For instance, it is difficult to determine 
the lifetime of the spin waves and cannot be 
generalized to higher temperatures. 

From the calculations outlined in this sec¬ 
tion we are able to give an expression for the 
spin susceptibility x(<?) beyond the random 
phase approximation. If one calculates the t 
matrix exactly one can determine not only the 
energy but also the lifetime of the spin waves. 

For the finite temperature case, all expecta¬ 
tion values are taken with respect to a statis¬ 
tical ensemble. We can apply the procedure 
developed by Abrikosov, Gor’kov and Dzyal- 
oshinski [13]. The basic result of their develop¬ 
ment is that physical quantities such as G, 
X may be obtained from the corresponding 
‘thermal’ functions by simple analytic con¬ 
tinuation. The diagrammatic techniques are 
the same as those for absolute zero. To 
convert the previous results to finite tempera¬ 
tures we apply the following prescription: 

(1) All energy variables k 0 in the Green’s 
function must be replaced by /w„ = 


where 


In principle one could write down the corre¬ 
sponding dispersion relation for spin waves at 
finite T. However, the calculation of the 
quantities are somewhat complicated and will 
be reported in a later communication. 
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TECHNICAL NOTES 


The Debye temperature and temperature- 
dependent hyperfine coupling constants of 
Mn 2+ in SrF 2 and CdF 2 


(Received 28 July 1969; in revised form 30 October 1969) 


A conventional electron spin resonance 
spectrometer was used to measure the 
temperature-hyperfine coupling constants 
of Mn 2+ at cubic sites in the two crystals: 
SrF 2 and CdF 2 . The sample temperature was 
varied and controlled by utilizing a Varian- 
4557 variable temperature accessory. The 
experimental data are as shown in Fig. I. 

The temperature dependence of the hyper¬ 
fine coupling constant of Mn 2+ in the octa¬ 
hedral surrounding was first interpreted by 
Simanek and Orbach[l]. In their paper, they 
proposed a mechanism which involves the ad¬ 
mixture of the excited (3d) 4 ns configurations 


into the ground (ed) ! configuration by means 
of the Van Vleck orbit-lattice interaction. 
This theory is correct only at very low 
temperatures. However, the phonon-induced 
effect is much more pronounced at high 
temperatures. In view of this, Huang used the 
peaked phonon spectra to calculate the 
temperature-hyperfine coupling constant of 
Mn 2+ in alkali halides[2]. The same theory 
was later applied to Mn 2+ in alkali halides[2]. 
The same theory was later applied to Mn 2+ in 
the crystals with the cubic coordination^]. 
The temperature dependent part of the hyper¬ 
fine coupling constant in this case was found 
to be 


A'(T) = (const.) T l x {expOr)- l}-« dx 


with 


const. = A[0)KL' 


( 1 ) 



Fig. I. The hyperfine coupling A(T) of Mn 2+ in SrF 2 
and CdFj. 


L' = {2V(2n X3«X5)} (e e e „/R<) 2 (8i r/p) 

X(vr 3 +2vr 3 )k„Vh. (2) 

Here 4(0) is the hyperfine coupling constant 
at 0°K, K is a value involving the matrix 
elements of the electronic radius and has been 
found to be 1-76X 10" 10 sec 4 /g 2 deg 8 for 
Mn 2+ [2], e eli is the effective charge of a 
ligand ion, 4 R is the lattice constants, i> ( , and 
v, are longitudinal and transverse sound 
velocities respectively, p is the density of the 
crystal, and T u is the Debye temperature. 
Equation (1) was successfully applied to fit 
the data for Mn 2+ in CaF 2 and BaF 2 [3]. 

Since both SrF 2 and CdF 2 possess the 
CaF 2 structure, equation (1) is applicable to 
our cases. The solid curve is the theoretical 
curve for SrF 2 obtained by multiplying a scale 
factor of 5-7 to the theoretical estimate based 
on equation (1) with [4] T D = 380°K, R = 
147 x 10 _g ,p = 4-28 g/cm 3 , v, = 5-40 X 10* cm/ 
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sec, v t = 2-72 x 10 s cm/sec, and e < .„ = e. As 
shown, the theoretical curve fits reasonably 
well with the experimental points, and we 
conclude that the theoretical estimate agrees 
with the experimental data within an order of 
magnitude [5]. 

The Debye temperature and elastic 
constants of CdF 2 are not available at 
present. However, equation (1) could be used 
to find the Debye temperature by the proper 
choice of the constant and T u . As shown in 
the dashed curve of Fig. 1, the experimental 
points could be well fitted with 7' u = 350°K 
[6]. This is the first time the Debye 
temperature is determined by using an 
ESR spectrometer. 
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Magnetically induced nuclear quadrupole 
interaction in cubic Fe 2+ : Pseudo-quadrupole 
interaction 


Ganiel et al.[ 5] attributed the observed quad¬ 
rupole interaction to distorted spatial distri¬ 
bution of electrons which results because of 
the interaction of molecular field in a magneti¬ 
cally ordered crystal or of external field in a 
paramagnetic crystal with Fe 2+ in cubic crystal 
field through spin orbit coupling. They pre¬ 
sented a detailed theory of octahedral case. 
Hoy et al. [6] have treated similar interaction 
for Fe 2+ in tetrahedral crystal field. However, 
predictions based on these theoretical con¬ 
siderations alone do not explain the observed 
Mossbauer spectra[6, 7]. In this communica¬ 
tion we deal with another additional origin 
of magnetically induced quadrupole inter¬ 
action viz. pseudo-quadrupole interaction, 
here after abbreviated PQI [8,9], 

The Hamiltonian for iron group of sub¬ 
stances in the absence of external magnetic 
field can be expressed as 110J 


W ~ W F + Ff-rys. + % LS~yfi.\H n ■ I 

(l) 


where ,W h is the free ion part of Hamiltonian, 
V crys. is the crystalline field set up by the 
surrounding diamagnetic charges. T,_ s is the 
spin orbit coupling and remaining part being 
the hyperfine interaction of magnetic field and 
electric field gradient set up by electrons at 
the nucleus with nuclear moments, y is nuclear 
gyro-magnetic ratio, is nuclear magneton 
and //„ is the internal magnetic field. For 
Fe 2+ .//„ is given by 


H H = -2fi{r 3 ) M \L 


-a[ 


L{L+ 1)5 
+ AS 


( 2 ) 


(Received 29 October 1969) 


In recent years there have been several 
Mossbiher studies [1-4] of nuclear quadrupole 



inter; 


of Fe 2+ in a cubic site symmetry. 


where /3 is Bohr magneton. (r“ 3 ) 3 „ is the 
average of r~ 3 for a 3 d electron and A is a 
constant. The last term is due to Feimi 
contact interaction. 

In a cubic Fe 2+ , V„ — 0 and therefore no 
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direct quadrupole interaction. On choosing 
the z-axis parallel to //„, we can write magnetic 
hyperfine interaction as 

= 2y/3/3 v (r*) M |l, - j S, + ±(L . 

"^28 ' ^)] — ( 3 ) 

According to Hund's rule, the ground state 
of Fe 2+ is 5 D. From group theory arguements 
it can be seen that 5 D level splits in a cubic 
crystalline field into an orbital triplet h T 2 and 
an orbital doublet *£. In octahedral symmetry 
the ground state will be 5 7' 2 . The spin orbit 
coupling will further remove degeneracy (10], 
The problem of eigen states and eigen values 
has been dealt by Low et u/.Jl 1], 7f' n is very 
small compared to spin orbit coupling and can 
therefore be treated as a perturbation to these 
states. The first order effect of magnetic 
hyperfine interaction (equation (3)) gives rise 
to Zeeman splitting of nuclear levels which 
can be easily evaluated by calculating the 
matrix elements of over these eigen states 
and taking thermal average, provided the 
relaxation time for thermal transitions be¬ 
tween electronic levels is much shorter than 
the hyperfine field precession time. The 
second order effect of magnetic hyperfine 
interaction gives rise to PQI. The perturba¬ 
tion 3f n lifts the degeneracy in first order 
itself. Hence PQI can be evaluated by cal¬ 
culating square of the matrix elements of 
2ff n between various eigen states and thermal 
averaging over various energy levels. We 
have worked out the pseudo-quadrupole 
splitting of / = $ level in Fe 57m due to PQI 
for the case of Fe 2+ in octahedral cubic 
symmetry at 0°K. Our results can be ex¬ 
pressed as 

10 ? 

AE = ^(y Msi'-*)**)* 

±3/2«-*±l/2 

+ 2X WM) 2 


where X is the spin orbit coupling parameter. 

The PQI is large when there are low lying 
excited states. For example, in praseodymium 
ethyl sulphate it is several times larger than 
the true quadrupole interaction [8]. Ghatikar 
[12] has worked out such a Zeeman-field- 
dependent PQI in some rare earth trichlorides 
and has shown it to be quite large compared 
to direct quadrupole interaction in some cases. 
In Fe 2+ case, the excited states are not as 
narrow as in case of rare earths. PQI there¬ 
fore is expected to be small in this case. The 
PQI is a magnetic induced interaction, for 
in the absence of magnetic hyperfine structure 
it is zero. It can be argued that in precision 
Mossbauer experiments PQI should be con¬ 
sidered. In favourable cases the contribution 
of PQI may be quite significant. The detailed 
theory of the effect in Fe 2+ in tetragonal 
crystalline field is in progress. 
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Structural stability of inorganic polymorphs 

(Received 2 September 1969; in revised form 23 October 
1969) 

Before the fact arguments over the type of 
structure which will be stable for particular 
crystalline chemical species under a set of 
pressure and temperature conditions have to 
be based mainly on the thermodynamic or 
structural evidence. The lowest free energy 
form, concurrent with the value of the radius 
ratio of participating atoms, ions or molecules, 
suggest the stable structure. At the moment no 
physical arguments exist for predicting the 
occurrence of one structure or another from 
knowledge of the properties of the constituent 
particles. The only a priori statements that can 
be made at present are from either the pheno- 
menologic, thermodynamic or phase aspects 
or alternatively from the geometric, packing 
or structure aspect. Both are qualitative. 
Quantitative predictions will eventually have 
to be based on the bonding or physical aspects. 

We have recently discovered a relationship 
between a phsyical and a structural para¬ 
meter of solids which differentiates between 
various structures, and adds a new dimension 
to the radius-ratio concept. Figure 1 shows, 
for a variety of materials with zincblende, 
cesium chloride and rocksalt structures, damp¬ 
ing vs. radius ratio. Damping of a solid is 
classically expressed as the width at half 
intensity of the main transverse optical fre¬ 
quency of the infrared spectrum divided 
by the value of the frequency itself; Av/p tu . 
Plendl h^s recently shown how this damping 
parametdC'can be calculated from phsyical 


quantities and is primarily related to the 
atomic coordination, a structure factor, the 
radius ratio and anharmonicity of the binding 
forces[l]. Values of these experimentally 
derived or calculated quantities for various 
solids, are shown in Table 1 and plotted in 
Fig. 1. 



Fig. I. Dumping vs. radius for the structures: ZnS. NaCI 
and CsC) (CN = 4. 6 and 8, respectively). Crosses 
experimental values, open circles calculated values. 


As was shown earlier, damping may be cal¬ 
culated on the basis of ionic or covalent para¬ 
meters resulting in different values. The 
magnitude of the value of the damping factor 
based on ionic parameters is for any one sub¬ 
stance, by far the greater. In the substances of 
Fig. 1, the ionic character predominates and 
hence ionic radii were used for all three types 
of structures considered. 

Figure 1 clearly indicates how, depending 
on the radius ratio, each structure calls for a 
discrete value of the damping parameter. 
Although no quantitative deductions are im¬ 
plied, or can be made at this point, it is instruc¬ 
tive to note that all three curves have distinct 
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Table 1. Data used in Fig. 1 


Substance 

Structure 

CN 

t'Til 

Calc. 

J'tci 

Exp. 

rjr b 

LiF 

Rocksalt 

6:6 

0-24 

0-23 

0-44 

LiCl 

Rocksalt 

6:6 

0-30 

_ 

0-33 

LiBr 

Rocksalt 

6:6 

0-32 

_ 

0-31 

Lit 

Rocksalt 

6:6 

0-34 

_ 

0-27 

NaF 

Rocksalt 

6:6 

Oil 

0-11 

0-70 

NaCl 

Rocksalt 

6:6 

014 

0-14 

0-53 

NaBr 

Rocksalt 

6:6 

0-14 

0-13 

0-49 

Nat 

Rocksalt 

6:6 

016 

0-15 

0-43 

KF 

Rocksalt 

6:6 

008 

_ 

0-98 

KCI 

Rocksalt 

6:6 

010 

0-10 

0-74 

KBr 

Rocksalt 

6:6 

0105 

Oil 

0-68 

Kl 

Rocksalt 

6:6 

0-12 

0-13 

0-60 

RbCI 

Rocksalt 

6:6 

0-09 

on 

0-8! 

RbBr 

Rocksalt 

6:6 

0-09 

0-10 

0-76 

Rbl 

Rocksalt 

6.6 

0105 

0-11 

0-67 

(CsCl) 

Rocksalt 

6:6 

008 

— 

0-92 

MgO 

Rocksalt 

6:6 

0-22 

0-22 

0-47 

NiO 

Rocksalt 

6:6 

0-20 

0 21 

0-49 

MnO 

Rocksalt 

6:6 

019 

0-20 

0-50 

CdO 

Rocksalt 

6:6 

0105 

— 

0-69 

CsCl 

Cesiumchlor. 

8:8 

013 

0 16 

0-92 

CsBr 

Cesiumchlor. 

8:8 

0(4 

0-14 

0-87 

Cst 

Cesiumchlor. 

8:8 

016 

0 16 

0-77 

(RbCI) 

Cesiumchlor. 

8:8 

0145 

- 

0-81 

(RbBr) 

Cesiumchlor. 

8:8 

0155 

- 

0-76 

(Rbl) 

Cesiumchlor. 

8:8 

018 


0-67 

TICI 

Cesiumchlor. 

8:8 

0-15 

0-14 

0-79 

TIBr 

Cesiumchlor. 

8:8 

016 

- 

0-74 

Til 

Cesiumchlor. 

8:8 

018 

0-20 

0-65 

NH,CI 

Cesiumchlor. 

8:8 

015 

- 

0-80 

NH,Br 

Cesiumchlor. 

8:8 

016 

0-16 

0-73 

NH,I 

Cesiumchlor. 

8:8 

019 

- 

0-65 

BeO 

Wurtzite 

4:4 

016 

0-14 

0-22 

BeS 

Zincblende 

4:4 

0-20 


0-17 

BeSe 

Zincblende 

4:4 

0-22 

- 

0-16 

BeTe 

Zincblende 

4:4 

0-24 

- 

0-14 

MgTe 

Wurtzite 

4:4 

010 

- 

0-315 

MnS 

Zincblende 

4:4 

0-075 

- 

0 38 

MnSe 

Zincblende 

4:4 

008 

- 

0-36 

ZnO 

Wurtzite 

4:4 

0-057 

- 

0-53 

ZnS 

Zincblende 

4:4 

0-07 

0-08 

0-40 

ZnSe 

Zincblende 

4:4 

0-08 

0-10 

0-375 

ZnTe 

Zincblende 

4:4 

0-09 

0-11 

0-335 

CdS 

Zincblende 

4:4 

0-06 

0-08 

0-53 

CdSe 

Zincblende 

4:4 

0-06 

- 

0-49 

CdTe 

Zincblende 

4:4 

0-065 


0-44 

HgS 

Zincblende 

4:4 

0-055 

- 

0-60 

HgSe 

Zincblende 

4:4 

0-050 

— 

0-56 


minima below which the structure apparently 
cannot be stable. If, due to the electronic 
structure of the elements and the degree of 


interpenetration of the outer electron shells 
for a given set of pressure and temperature 
conditions, the interaction of the electrons 
results in a higher or tower damping of the 
lattice vibrations, the structure will not be 
stable. 

Considering the data from well known high 
pressure transition measurements, we note 
that within groups of related solids such as 
alkali iodides, bromides, chlorides and fluor¬ 
ides, the value of the pressure necessary for 
transition to more highly coordinated struc¬ 
tures increases as the position on the damping 
vs. radius ratio curve goes up. 

For LiF, e.g. for which no transition pres¬ 
sure to the cesium chloride structure has been 
experimentally determined, in spite of 
measurements to hundreds of kilobars, the 
increase on damping may well be beyond that 
physically available under these conditions. 
For such cases as LiF it might not be possible 
to obtain the elevated, high pressure, state[2]. 
Lattice vibrations could become aperiodic and 
the structure unstable at pressures and tem¬ 
peratures where transition from the basic to 
the elevated state [2] would otherwise be 
expected. Until such time when the variation 
of all essential parameters as a function of 
pressure and temperature become available, 
little can be said about the quantitative rela¬ 
tionships of structural stability. 

A more complete account, including all 
physical data and references used, may be 
obtained in report form from the authors. 
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J.Phys.Chem. Solids Vol 3l.pp. 876-878. 

Photoelastic constants of CaFj and BaFj 

(Received 21 May 1969; in revisedform 25 August 1969) 

Calcium fluoride and barium fluoride belong 
to the O a class of the cubic system in the 
Schoenflies notation. They have three non¬ 
vanishing independent stress-optical constants 
qu in Pockels’ scheme. All the q u have been 
determined for CaF 2 by the pioneer inves¬ 
tigator of photoelasticity of crystals, Pockels 
[1] himself using the Babinet compensator and 
the interferometric methods. Recently, the 
photoelastic dispersion of (q tt — q l2 ) for 
CaF 2 has been studied by a number of workers 
including Ziauddin[2] and Michaeipj. 
For BaFj, the only information available with 
regard to photoelasticity is that due to Jacob 
and Narasimhamurty[4] who have obtained 
(q u —q l2 ) and q t4 at wavelength 5893 A using 
a Babinet compensator. Schimdt and Vedam 
[5] reported the effect of hydrostatic pressure 
on the refractive indices of CaF 2 and BaF 2 at 
the wavelength 5893 A. 

The authors have now computed all the 
stress-optical and the strain-optical constants 
for CaF 2 and BaF 2 by combining the hydro¬ 
static data of Schmidt and Vedam with the 
stress birefringence data obtained by the 
previous workers. The strain polarizability 
constant Xo and the effect of temperature on 
the refractive index have been calculated for 
both the crystals. 

CALCIUM FLUORIDE 

Schmidt and Vedam[5] observed the 
change in refractive index of CaF 2 under 
uniform hydrostatic pressure to be 2-44 
x 10~ 4 /kb, from which one can arrive at the 
result, 

(q tl + 2q n ) = 1 -66 brewsters ( 1 ) 

taking the index of refraction n D — 1-434 for 
CaF 2 . Ajfftjilim yellow wavelength, using a 


birefringent compensator, Ziauddin[2] has 
determined the value, 

(<2n ~ <?«) = -1-45 brewsters. (2) 

Solving (1) and (2) we get 

q u = -0-413 brewsters and 
q t2 = 1-04 brewsters. 

From these values of q u , the strain-optical 
constants p u and p l2 are calculated using the 
relation, 

6 

Pm = 2 9w c o- (3) 

The elastic constants of CaF 2 have been deter¬ 
mined among others by VoigtJ6], Huffman 
and Norwood[7] and Haussuhl[8]. The values 
reported by them do not differ much. The 
elastic constants used in these calculations 
are those due to Voigt. The values of p u and 
qu thus obtained are given in Table 1. 

BARIUM FLUORIDE 

Schmidt and Vedam[5] reported the change 
of refractive index due to uniform hydrostatic 
pressure on BaF 2 to be 6-40 x 10 _4 /kb. From 
this data we get 

(q n + 2</ 12 ) = 4-01 brewsters. (4) 

Combining this information with the stress 
optical data obtained by Jacob and Narasim- 
hamurty[4] i.e. 

(q n — q n ) = -2-93 brewsters (5) 

we get 

q n = -0-617 brewsters and 
q l2 = 2-31 brewsters. 

From these values of q ijy the strain-optical 
constants p n and p, 2 are calculated as for 
CaF 2 . As there is not much difference between 
the elastic constants obtained by Bergmann 
[9], Haussuhl[8] and Gerlich[10], the elastic 
constants used in these calculations are the 
same as those used by Jacob and Narasim- 
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hamurty, namely those due to Bergmann. The 
index of refraction assumed is n D = 1-472 at 
5893 A. The values of the stress-optical and 
the strain-optical constants thus calculated 
are given in Table 1. 

Using the formula (n 3 /6)(p,, + 2p 12 ) = 

U \-*„> where L - + wc have 

o 

calculated the strain polarizability constant 
A« at 5893 A from the values of the strain 
optical constants given in Table I for CaF 2 
and BaF 2 . 


BaF 2 at 20°C. From this data we can get the 
contribution in the change of refractive index 
due to thermal dilatation as follows: 

, = — (Pnafx+Pi2a«» + Pi3<0 (7) 
i.e. 

—2A n , _ . 

(Pn + 2Pvi)a XI 

An = -ylpn +2p 12 )a„. (8) 

Thus we get 


Table 1 


\ Substance 

CaK, 


BaF 2 


Constants'^''-.. 

Ziauddin 

Present 

Jacob and 
Narasimhamurty 

Present 

q a brewsters 

— 

-0-413 

_ 

-0-617 

12 brewsters 

— 

1-04 

— 

2-31 

(q„ ~q n ) brewsters 

-1-45 

— 

-2-93 

— 

i iu brewsters 

0-89 

— 

1 06 

— 

Pu 

— 

0-0258 

— 

0-131 

Pn 

— 

0-20? 

— 

0-277 

IPll ~Pvl) 

-0164 

— 

-0)46 

— 

P« 

0 0239 

— 

0-0264 

— 

Pl2lPl 1 

— 

8-2 

— 

2-12 


The temperature change of refractive index 
is due to two factors (Pockets[11 ]): (I) due 
to the deformation caused by temperature and 
(2) due to direct influence of temperature on 
the refractive index. Thus the thermo-optic 
behavior can be represented by. 



Here dn/d/ is the observed change in the 
refractive index due to temperature, (dnldt) is 
the factor due to thermal dilatation and 
(8nl8t) the true temperature coefficient. The 
factor due to thermal dilatation can be 
calculated from the known strain optical data 
the the known linear thermal expansion co¬ 
efficients. Sirdeshmukh and Deshpande[12] 
found the thermal expansion coefficients to 
be 20 01 X 10~® for CaF 2 and 20-07 X 10~ 6 for 


Sr) = _1 ‘ 268 X 1Cr ' for CaF * 

=-2-215 X 10" 5 for BaF 2 . 

The effect of temperature on the refractive 
index of CaF 2 has been studied by Radha- 
krishnanll3] and Houston el al.{14], and of 
BaF 2 by Houston et a/.114] and Malitson[l5]. 
dnldt = —1-15 X 10 s at 20°C which is the 
extrapolated value for CaF., obtained from 
Radhakrishnan’s results. Houston et al. 
report dnldt = — T60 x JO -5 for CaF 2 , 
-I-86X 10" 5 for BaF 2 at 20°C and Malitson 
finds dnjdt — —1 -50 x 10 5 for BaF 2 at 20°C. 
The true temperature coefficient of refrac¬ 
tive index of CaF 2 and BaF 2 have been 
calculated using equation (6) from the above 
data. Using Radhakrishnan’s value of 
dnldt , we get (8n/5f) =+0-118 x 10' 5 per °C 
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for CaFj and using Malitson's value of 
dnldt we get (Sn/fif) = 0 715 x 10 -5 per 
°C for BaF 2 whereas taking the value of 
dnldt for both CaF 2 and BaF 2 as obtained 
by Houston et al. we get -0-322 x 10“ 5 and 
+0-355 X 10~ 5 per °C respectively. Thus the 
value of (Sn/St) for CaF 2 calculated from the 
value of dnldt as obtained by Houston 
et al. is negative, though the corresponding 
value for BaF 2 is positive. Hence the other 
set of values of ( 8n/St ) seem to be more 
probable. The several optical data including 
the strain polarizability constants are now 
collected in Table 2. 

The most striking conclusion from Table 1 
is that both the strain-optical constants 
p u and p X2 are positive for CaF 2 and BaF 2 
while (pn—pn) is negative for both i.e. 
pu is less than p 12 , and magnitudes of p u are 
higher for BaF 2 than those for CaF 2 . Again, 
both the crystals have q u negative and the 
magnitudes of q u and q n are higher for BaF 2 
than those for CaF 2 . The ratio of ( p n IPu) 
is 8-2 for CaF 2 , but it is only 2-12 for BaF 2 . 
Thus as we go from CaF 2 to BaF 2 , the magni¬ 
tudes of Pu and q u are increasing while their 
ratio (PnIPu) has gone down to | roughly. 
Furthermore, this ratio has been obtained by 
Pockels as 4-07 while Schmidt and Vedam’s 
values give 7-62. Hence the value of this ratio 
has to be confirmed directly by ultrasonic 
experiments. 

From Table 2 one can note that the Strain- 


polarizability constant A,, for BaF 2 is less 
than that for CaF 2 . The true temperature 
coefficient ( Sn/St) of BaF 2 is larger than that 
of CaF*. 

Table 2 

^\Substance 

Constants'^. 

CaFj 

BaF, 

n D 

1-434 

1-472 


0-704 

0-551 

pdn 

dp 

0-211 

0-364 

Sn 

Mm,,. 

0-118 x 

0-715 x io- s /°c 
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Optical properties of chromium rich chromium 
iron alloys at room temperature’ 1 ' 

(Received 12 May 1969; in revised form 20 August 1969) 

Low temperature specific heat measure¬ 
ments on transition element alloys with 
electron per atom ratios, ela, between 5-5 and 
7 have been frequently analyzed with a rigid 
band model. Measured liquid He temperature 
electronic specific heat coefficients, y 0 , which 
are in simple systems proportional to the 
density of states, N(E), follow a similar 
pattern not only in disordered transition 
element alloys of V-Fe, Cr-Fe, and Cr-Mn 
but also in ordered TiFe,_ x Co x and TiFe,_ x , 
Ni x compounds [1]. 


*Work supported by the National Science Foundation. 
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The rapid increases in y 0 with ela for alloys 
with efa =* 6 cannot be explained with the 
concept of imparity states only, because speci¬ 
fic heat data over an extended temperature 
range on pure chromium can be explained 
only with a sharp minimum in the density of 
states curve, confirming qualitatively the 
rigid band model for ela = 6[2]. Figure 1 
shows the density of states as calculated from 
y 0 and the concept of the rigid band model [2]. 
This curve was used to calculate quantitatively 
high temperature specific heat data of pure 
chromium. 

Specific heat measurements give only infor¬ 
mation on the electronic state in an energy 
interval of the order of kT. Measurements in 
the liquid He temperature range give the 
average density of states N(E) values in an 


energy interval of kT = 10 _< eV. If one 
measures specific heats at elevated tempera¬ 
tures above IOOO°K, then one averages N(E) 
over an energy interval of the order of 10~’ eV. 
This shows that it is presently not possible to 
determine features of the electronic structure 
far below or above the Fermi level from 
specific heat measurements. Other techniques, 
as e.g. optical measurements have to be used. 

Photons, absorbed in a metal, interact with 
electrons and excite them into higher states. 
Different types of electron excitations due to 
photon interactions are possible. A general 
survey has been given e.g. by Ehrenreich[3]. 
For low photon energies, interband and intra¬ 
band effects are of interest. The former can be 
found also for intermediate photon energies. 
Plasma oscillations of electrons are expected 



Fiji. I. Ordinate: electronic state density eV '/atom. Abscissa: 
energy in Ev. Electronic state density of chromium according to 
Shimizu et al. 12]. Fermi energy level of chromium set equal to 
zeroeV. 
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for higher energies above those used in our 
experiments. 

Intraband transitions are associated with 
electron transition inside one band. In inter¬ 
band transitions, electrons jump from one 
energy band to another band. Intraband 
absorption in good electrical conductors 
should lead to a very high reflectance value R 
close to one. Low energy interband transitions 
lead to a rapid decrease of R with increasing 
photon energy (absorption edge). 

Optical properties on pure chromium 
samples have been measured by several 
authors [4-9]. Lenham et investigated 

optical properties of transition metals with 
photon energies below 4eV. Lenham[7] 
plotted 2tjk/\ as a function of wavelength on 
log-log paper. Any consistent correlation 
with A of the form 2 tjk/A = const A" charac¬ 
teristic for intraband relations would give a 
linear plot with gradient a. He found a nearly 
linear section in this plot for the majority of 
transition metals studied only for longer 
wavelength, for chromium a is 0-74. Devia¬ 
tions from this straight line indicate interband 
transitions. Its low energy limit is 0-24 eV for 
chromium. The relatively shallow increase of 
t)k/\ with decreasing wavelengths indicates 
according to Lenham, that the energy band 
with electrons responsible for the interband 
transition is not parallel to the bermi energy 
level. A temperature dependent reflectance 
anomaly near 10/Am is probably due to the 
spin density wave associated with anti¬ 
ferromagnetic ordering. 

The density of states curve of chromium 
rich alloys has a sharp minimum at pure 
chromium[1]. This is due to antiferro-mag- 
netic ordering, as y 0 measurements on Cr-Mo 
and Cr-W alloys indicate. The increase of y„ 
with increasing e/a ratio has been associated 
with filling of e„ states,[I0J which are respon¬ 
sible for localized moments and for the onset 
of ferromagnetism at 10 at.% in Cr. y„ reaches 
a maximum for the alloy with 19 at.% Fe. y„ is 
rather f||i|neglecting the y t) minimum due to 
anti%^f|l%netic ordering) for Cr V alloys 


and increases below e/a = 5*5 with decreasing 
e/a values. It has been proposed that d elec¬ 
trons for e/a < 6 are of t 2 „ symmetry. Using a 
simple 3-band model with a conduction band, 
a e B -band. and a f 2 „-band one would expect 
that photon assisted interband transitions may 
be possible for t 2 „ electrons. They would be 
excited to the Fermi level of the conduction 
band. This transition should be noticeable for 
photon energy values equal to the difference 
between Fermi level and the rapid increase in 
N(E) below E h -. Figure 1 shows this energy 
difference to be about 0*3 eV. This value 
agrees within experimental accuracy with the 
energy associated with the onset of interband 
transition[7]. N(E) increase with decreasing 
e/a values and reaches a maximum for e/a 
between 4 and 5. This maximum is about 
0-7-0-8 eV. below the Fermi energy of chrom¬ 
ium and should correspond to the high energy 
end of the absorption edge. One has to con¬ 
clude that E(k) for the f 2 ,,-band is not parallel 
to the Fermi surface, just as expected for 
photon assisted electron transitions by 
Lenham[7], The 0-3 eV energy difference 
between chromium and the sudden increase in 
N(E) is close to the threshold energy value of 
0-24 eV given by Lenham. Using the rigid 
band model, and increase of e/a to 6*46 (23 
at.% Fe in Cr) should shift E t by about 0-25 eV 
(see Fig. I). The energy difference for the onset 
of a noticeable electron transitions should then 
be found at about 0*5 eV. and the end of the 
absorption edge (close to 0-8 eV for pure 
chromium) should move to an energy value of 
1 eV for the alloy with 23 at.% Fe. Our 
measurements of R in the range from 0*5 to 
2*4 eV should therefore be able to confirm or 
reject this simple rigid band model. 

EXPERIMENTAL PROCEDURE 
The method of measuring the absorption characteristics 
of the alloy samples is based on measuring the tempera¬ 
ture change of the thermally connected sample-black 
absorber when the sample or black absorber is illuminated 
by monochromatic radiation! 11-12]. Thus for the sample- 
blac^jibsorber with a total heat capacity C. the energy 
absorbed gives rise to an increase in heal AQ. with 
AQ — CAT. The energy absorbed per unit time is C'l. The 
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ratio of the healing rate when the sample is illuminated to 
the heating rate when the black absorber is illuminated is 
equal to the sample absorptivity A = 1 - R, where R is the 
sample reflectance for an opaque material. 

The 'specimen-black absorber' temperature change is 
detected by an iron-contantan thermocouple whose output 
is then amplified by a Keithley Millimicrovoltmeter. The 
signal is then passed through an active filter which has an 
upper cutoff frequency of 0-3 Hz. differentiated and re¬ 
corded on an or — t recorder. The filter is necessary since 
the Keithley output contains high frequency components 
superimposed on the d.c. level and the process of differ¬ 
entiation enhances these components resulting in a noisy 
recording signal. A similar system was used before by 
Chapman [13]. 

The chromium-iron samples were prepared from high 
purity chromium chips and Westinghouse puron iron. 
Appropriate amounts of chromium and iron were melted 
several times in an arc furnace under an argon atmosphere. 
The samples were then annealed in a 92%He-8%H. 
atmosphere and quenched. Details of this procedure and 
sample analysis have been described previously[l4]. 

It is presently not possible to prepare chromium with a 
■perfect' surface. The oxide film is very stable and cannot 
be removed by annealing. Further, the composition of the 
surface layer will change during such a procedure. This 
may also occur if one uses argon bombarding for cleaning. 
Electrolytic polishing may also produce surface films of 
unknown structure, and the absorptivity may be more 
characteristic of the film than of the metal. Mechanical 
polishing by hand was therefore utilized|15). taking the 
samples down with 600 grit paper; then they were rinsed 
with distilled water and inspected under a microscope for 
surface irregularities. A typical finished specimen size 
was 4X4X0-6 mm' 1 . This procedure should result in 
rather small surface deformation since the samples are 
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brittle. One has to keep in mind that a relative comparison 
of the various alloys is made and a systematic error due to 
an electrically insulating surface film is not critical. 

RESULTS AND DISCUSSION 
Figure 2 shows the reflectance R of chrom¬ 
ium rich alloys as a function of photon 
energies from 0-5 to 2-4 eV. R drops sharply 
from values between 0-85 to 0-90 at 0-5 eV to 
values between 0-6 and 0-7 at 0-7 eV. R stays 
in this 06-0-7 value range for increasing 
photon energies. Only the R values of pure 
chromium and of the alloy with 10at% Fe 
fell out of this range. Pure chromium reaches 
lower R and the alloy with 10at.% Fe reaches 
higher R values than the other samples. These 
slight anomalies should be associated with 
general uncertainties of the measurements. 
They are not associated with a lack in repro¬ 
ducibility of the data, because it is possible to 
repeat measurements on one sample within 
3 percent. The details of the R — R(E) curves 
are therefore ‘real’. We are essentially con¬ 
cerned with slopes of R (E) curves. Absolute 
values of R are not important. Presently it is 
not possible to interpret the fine features of the 
curves and to show which feature corresponds 
to bulk properties or to surface features. 



Fig. 2. Ordinate; reflectance in percentage. Abscissa; energy (eV). Reflec¬ 
tance of chromium iron alloys as a function of photon energy. 
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Reflectance values of some samples bend 
over into a more horizontal direction with 
decreasing photon energies. R reaches near 
0-5 eV those values expected from d-c 
resistivity data and the Hagen-Rubens 
relation for intraband transitions. The change 
in the slope occurs in the same region as in R 
values obtained in previous experiments [4-8]. 
The steep slopes of the R{E) curves in the 
range from 0-5 to 0-8 eV indicate their associ¬ 
ation with interband transitions[3]. The slopes 
extrapolate to R{E) — 1 for E = 0-3eV for 
practically all alloys. This implies that inter¬ 
band transitions begin for all samples indepen¬ 
dent of composition near 0-3 eV, if we use the 
to R(E) — 1 extrapolated R value as charac¬ 
teristic for the onset of interband transitions, 
following the approach by Biondi and Rayne 
[16]. Only the sample with 10at.% Fe seems 
to be an exception. This alloy composition has 
aside from a rather high room temperature 
resistivity[17-20], no special characteristic 
which can be correlated to high reflectance 
values (The onset of ferromagnetism at liquid 
He temperature is found near 10 at.% Fe. This 
sample should be paramagnetic at room 
temperature[21]. Its high R values are there¬ 
fore attributed to experimental uncertainties). 

This result indicates that a rigid band model 
cannot be used to analyze the experimental 
results, because this model predicts a shift of 
the Fermi energy E f by about 0-25 eV with the 
addition of 23 at.% Fe to chromium. Such a 
shift should move the edge in the reflectance 
curve by the same amount to higher energies 
if the absorption edge is associated with 
transitions from states below the Fermi sur¬ 
face to E f . Similarly, transitions from E F to 
higher states would lead with increasing iron 
concentration to a shift of the absorption edge 
to lower photon energy level. 

It is therefore proposed that iron impurities 
form a new energy band at the Fermi level. 
These states could be ‘virtual energy states’, 
similar |p those due to nickel impurities in the 
Cu Nif|ystem[ll-12]. There it was proposed 
that^pi energy states were responsible for 


optical absorption phenomena for photon 
energies of about 4 eV. The states associated 
with Fe in Cr have to be at least as close as 
10~ 3 eV to the Fermi level, else they would 
not be noticeable in the liquid He temperature 
specific heat measurements where T ranges 
from 1-5 to 4-2°K. The concept of ‘virtual 
energy states’ has been proposed to explain 
the effects of small amounts of impurities on 
physical properties of alloys [22]. The localized 
wave functions of transition element impurities 
interact with those parts of the conduction 
electron wave functions with d-character. 
This leads to a shift of the energy state of the 
impurity atom electron from its original 
energy E„ to a resonance energy E r . It will 
interact strongly with conduction electrons 
with this energy. ‘Virtual energy states’ lead 
to new density of states terms and may be 
responsible for an additional term in the 
specific heat which is proportional to the 
absolute temperature. Therefore this term 
cannot be separated from the regular electronic 
specific heat. The theory of virtual energy 
states has not been expanded to high impurity 
concentrations, but one may expect that 
essentially E r will be independent of E F . The 
high resistivity of Cr Fe alloys would indicate 
that E r is close to the Fermi level. The same 
conclusion would be drawn from the rapid 
increase of y« of Cr Fe alloys with increasing 
iron concentration, if this would be associated 
only with impurity ‘virtual energy states'. 
However it is more likely that -y 0 increases 
with increasing iron concentration because 
we have both an increase in the regular elec¬ 
tronic specific heat, and some contribution to 
y a from impurity states. The increase in the 
regular specific heat can be deduced from the 
interpretation of the high temperature specific 
heat data of pure chromium, which can be 
understood only if one assumes that N(E) is 
close to a minimum in the density of states 
curve for el a ~ 6 [2]. 

‘Virtual energy states’ would not necessarily 
effecfthe Fermi energy level, only the density 
of states. Transitions from the t 2g electron 
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band to E F would not change with iron con¬ 
centration. This would explain the concen- 
trantion independent absorption edge of 
chromium and chromium iron alloys. 

This is naturally not the only way to describe 
the experimental results. One may postulate 
that Fig. 1 gives the correct density of states 
curve for pure chromium. The addition of iron 
and magnetic ordering is responsible for a 
shift of the subband associated with localized 
states. This means that the peak at+ 0-2 eV in 
respect to pure chromium in Fig. 1 will move 
to lower energies, if iron atoms are added to 
the system. The distance between r 2fl states 
and E h will not change markedly for this 
model. One may describe this system as a 
‘semi-rigid’ band model. 

C E. McCAIN 
K. SCHRODER 
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Inhomogeneous broadening of edge 
recombination radiation 

[Received 30 July 1969) 

The creation of excitons in an indirect gap 
material at low temperature gives an absorp¬ 
tion coefficient of the form [ 1 ] 

a(o>) =0, tu < 0 

= s/to, to 2= 0 

where the origin of the frequency, w. is the 
energy gap plus the relevant phonon energy. 
The corresponding recombination radiation 
spectrum is 

/(o>) =0, to < 0 

= \4)e' fc , < 0^0 (1) 

where the origin of u is moved to the energy 
gap minus the phonon energy, and fi-htkT. 
Equation (1) is as would be expected by de¬ 
tailed balance arguments based on the absorp¬ 
tion edge [2], although these arguments are not 
strictly valid when comparing low temperature 
spectra, due to phonons being emitted in both 
cases[3]. The same spectral distribution as (1) 
is found at donor-valence band and acceptor- 
conduction band (‘defect-band’) transitions, in 
direct gap materials, at least[4]. The origin of 
to is then the energy gap minus the defect 
binding energy. 

From (1), the peak height, /(<o 0 ), occurs at 
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&*o = 1/2)8, and the full width at half height is 
T = 1 *7953 .. ./£• A sharp spike is then ex¬ 
pected at at = 0 in the limit of low temperature, 
but the width of this line will be made Unite by 
lifetime broadening and by the inhomogeneous 
state of the crystal. Since an exciton binding 
energy is low (~8 meV for Si) its diameter is 
large (~ 60 A in Si on a simple Bohr model). 
The excitons are therefore expected to ther- 
malise into the perturbed states of the strained 
lattice as a whole. The observed spectrum is 
then 

F(u>) = e~ 0u f o Vxp(x — co)dx (2a) 

where p(x) is a measure of the spreading out 
of the density of exciton states. On the other 
hand, a band-defect transition may be 
broadened by the defect binding energy being 
modified by other nearby imperfections in the 
lattice. If the carriers thermalise into essen¬ 
tially unperturbed lattice states and then make 
transitions to defects whose binding energies 
are distributed in a function q{x) the observed 
spectrum is 

G(w) = J g Vx e~ 0x q(x — w) dx. (2b) 

MacFarlane et a/.[5] found the absorption 
edge of Si is perturbed by a Gaussian broaden¬ 
ing. In this Note we evaluate equations (2a, b) 
for Gaussian p{x) and q(x ): 

p(x) = q{x) = exp (- ax 2 ) (3) 
where the width of the Gaussian is 



In this case, the profiles of equations (2a, b) are 
identical, for completing the square of the 
exponent of (2b) gives 

G(m) = e _fl * /4 ° e- w "- s/2a) 

X J*” Vx t' alx - iu ~ 0,ia)V . cLc (4) 
oc F(<» — /3/2a). 

One may show the profiles are identical if the 
Fourie|. transform of p(x) with respect to k. 


T{p(x),k} has the property: 

T{p(x),k} a T{p(x),k-ip}e tik , 

b constant, which is true for p = e -at *. 

The lineshape equation (2b) with Gaussian 
q{x) has been evaluated by direct numerical 
integration and by Gauss-Laguere quadrature 
[6], The quadrature method has been found to 
be sufficiently accurate for 2/3r c >3-5 when 
15 terms are used in the summation. The 
results are shown in Figs. 1 and 2 for the 
special case of T = 20°K. However, the data 
are applicable at ail T after scaling as may be 
seen by writing equation (2b) in the reduced 
form 

G(v) — e - *'* Vy e~“ < ’"‘ 2 ‘' ) e" 1 ' 2 dy 

where v — \fau>\ r — fila. Then, for example, 
the data for T = 80°K, r 6 . = 4meV may be 
obtained by expanding the energy scale of the 
T = 20°K, r G = 1 meV data by a factor of four. 

The striking invariance of the high energy 
side of the spectra may be understood in the 
important cases where < 4kT by rewriting 
equation (4) as 



Fig. 1. Profiles of Gaussian broadened recombination 
radiation spectra at 20°K for Gaussian full widths T c of 
0-10 meV. 
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Fig. 2 T he peak position (a) and full width at half height 
(b) of the spectrum after broadening, for I’,. - 0-5 meV at 
20”K. The peak position is measured from the true 
(unbroadened) threshold and the inset in (a) shows the 
peak position to l' r , — 10 meV with the limit of movement 
arrowed. 

G(w) = e~ w " J ^ Vy +p c""" 2 dy (5) 

where p — co — fi/2a\ y = x — p. yvhen the 
integral approximates to Vw-r where 
c is a constant, G(«) has the shape of 
equation (1). Writing vy + p as a Taylor series 
expansion about y = 0 we may drop all the odd 
powers of y in the expansion under the con¬ 
dition 


p^r (! . ( 6 ) 

The integral of (5) is then 

which, under the con dition (6) is closely 
proportional to Vp, or Vto — as required 
for the constant high energy side. 

In Fig. 3. computed profiles are compared 
with experimental data for diamond. Si and 
GaP. The two components shown for diamond 
derive from the small spin orbit splitting of the 
valence band [7], and the spectrometer 
broadening will only substantially affect the 
lower energy component. For Si. the major 
broadening is due to fast exciton relaxation 
{2]. The GaP sample used was grown by SERL 
by vapour deposition on a GaAs substrate, 
and so may be strained due to the different 
lattice sizes. 

Since convolution processes are associative, 
and since two Gaussians of widths I', and P 2 
co nvolve to a third Gaussian of width 
VlV + iy. the profiles will be of the cal¬ 
culated form for any number of independent 
Gaussian processes. Thus, although in the 
examples given the spectra are appreciably 
instrument broadened, the calculations are 
applicable, and good fits result. 

Atkm»\letlnemenl.\ — 1 he author is gratetul to C. D. 
Mobsby for providing unpublished GaP data, and to 
F.. C. l.ightowlers for helpful discussions. 



Fig. 3. Fits of the Gaussian broadened spectra to experimental data 
(+) for (a) the TO phonon of diamond at 100°K [7]: (b) the TO 
phonon of Si at I8“k|2]: and (c) the l.A phonon of CiaP at 25-5°K 
(Mobsby. unpublished). Unbroadened spectra are also shown <—). 






886 


TECHNICAL NOTES 


Wheatstone Laboratory, GORDON DAVIES 

King’s College, 

Strand, 

London W.C.2, 

England 

REFERENCES 

1. ELLIOT, R. }.,Phys. Rev. 108. 1384 (1957), Experi¬ 
mental applications are illustrated by: CLARK C. D., 
DEAN P, J. and HARRIS P. V., Proc. R. Soc. 
A277. 312 (1964): DEAN P. J. and THOMAS D. G„ 
Phys.Rev. 150,690(1966). 

2. HAYNES J. R., LAX M. and FLOOD W. F„ Proc. 
Int. Conf. on Semiconductor Physics, p. 423. Aca¬ 
demic Press, New York and London (1960). 

3. NELSON D. F. and STURGE M. D..Phys. Rev. 137. 
A1117 (1965). 

4. EAGLES P. M..J. Phys. Chem. Solids 16.76 (1960). 

5. MACFARLANE G. G.. MCLEAN T. P.. QUAR- 
RINGTON j. E. and ROBERTS V.. Phys. Rev. 111. 
1245(1958). 

6. KOPAK Z. Numerical Analysis. Chapman and Hall, 
London (1955). 

7. DEAN P. J., LIGHTOWLERS E. C. and WIGHT 
D. R.,Phys. Rev. 140, A352 (1965). 


J. Phys. Chem. Solids Vol. 31, pp. 886-887. 

Thermal conductivity and Lorenz ratio of Ru0 2 

{Received % July 1969) 

Interest in the conducting transition metal 
oxides has recently increased as samples 
permitting sophisticated transport measure¬ 
ments have become available. RuO a is an 
example of such an oxide; it is metallic with 
a room temperature resistivity of 40 
[1-3]. Very pure, small crystals have been 
grown with a ratio of room temperature to 
helium temperature resistance greater than 
10 4 [4]. The de Haas-van Alphen effect [4], 
magnetoresistance [5], and Azbel'-Kaner 
cyclotron resonance [6] have been observed 
in Ru0 2 . In this note the thermal conductivity 
and Lorenz ratio of Ru0 2 are reported. This 
is the first measurement of these quantities 
in a conducting transition metal oxide. 

The crystal was grown using oxygen- 
transport deposition; its dimensions were 
4-0 x 0-165 x 0-09 mm.* Thermal conductivity 

‘The ratio of room temperature to helium temperature 
resii^MMwas 1 15. Crystals with larger ratios were too 
smaffmAfurmal conductivity measurements. 


was measured by the axial flow (c axis in 
the crystal), steady-state method. The 
temperature gradient was measured with a 
Au-Co vs. Ag-Au differential thermocouple. 
Since the sample was quite small and brittle, 
the leads were attached with some care.* The 
method of attaching leads was tested on a 
copper sample of approximately the same size. 
Measurements on the copper yielded a Lorenz 
ratio and ideal thermal conductivity in 
agreement with the literature [7]. 

It was necessary to correct for radiation 
from the heater surface, the corrections being 
larger than those in experiments with more 
conventional sample sizes. Such corrections 
were made by suspending the sample and 
heater from the heat sink by a small nylon 
chain, thus eliminating the thermal link to 
the heat sink. The temperature difference 
between the heater and its surroundings at a 
given power input was then measured. This 
procedure yielded the power radiated as a 
function of temperature. Radiated power was 
subtracted from input power in determining 
the thermal conductivity.t 

The thermal conductivity of Ru0 2 is shown 
in Fig. 1. The thermal conductivity, K , of 
metals follows the expression 17. 8] 

^ = | + aT» (1) 

for temperature less than 1-5 T m where T m is 
the temperature at which A" is a maximum. 
For Ru0 2 , this expression holds with a = 
8-42x 10~ 4 cm 0 K'“"/W and n = l-66. This is 
an unusually low value for n, which typically 
lies between 2 0 and 3-0[7,8]. /3, for this 
sample, is 181 cm°K 2 /W. 

The resistivity was measured with the same 
leads used in the thermal conductivity 
measurement so that sample geometry did 
not affect the value obtained for the Lorenz 


'Each thermocouple junction was glued with GE703I 
varnish to a short copper wire which was then attached 
to the sample with a conducting cement, Emerson and 
Cuming 5.6C. The heater and heat sink were similarly 
connected to the sample. 

f At 100°K. 40 per cent of the input power was radiated. 
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ratio. At low temperatures, the Lorenz ratio 
reached a constant value of (2-60±0-1)x 
10~ H WiI/°K 2 which is close to the theoretical 
Lorenz number 2-45 x 10' K Wfl/°K 2 . 
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Precision lattice parameters and thermal 
expansion of sodium nitrate 

{Received 1 May 1969; in revised form IJune 1969) 

Sodium nitrate, isostructural with calcite, 
crystallizes in the space group R3C. It is 
one of the substances whose physical proper¬ 
ties have been widely investigated. However, 
a perusal of the literature shows that, the 
agreement between the lattice parameters 
obtained by various investigators is not good. 
Consequently, the agreement between the 
coefficients of thermal expansion is also poor. 
As the thermal expansion of sodium nitrate 
is very interesting, in showing a large aniso¬ 
tropy, it is thought worthwhile to determine 
its precision lattice parameters at various 
temperatures and evaluate the coefficients of 
thermal expansion, as a part of a programme 
of X-ray studies on calcite type compounds. 

The thermal expansion of sodium nitrate 
was studied by-the dilatometer method by 
Kracek[l] from the room temperature to its 
melting point and by Hulsmann and Bilz[2] 
from the room temperature to liquid helium 
temperature. But the dilatometer method is 
not capable of measuring the anisotropy of 
thermal expansion. 

Austin and Pierce [3] used single crystals 
to determine the coefficients of thermal 
expansion by the interference method. They 
found that a x increased up to 100°C and then 
showed a decrease up to the melting point. 
Saini and Mercier[4] found by the X-ray 
method that continued to increase up to 
200°C. Thus there were conflicting reports 
about the behaviour of a L . To resolve these 
discrepancies, Kantola[5J measured the cell 
parameters of sodium nitrate from room 
temperature to the melting point using Unicam 
high temperature camera. More recently, 
Cherin et al.[ 6] measured the cell parameters 
of sodium nitrate from room temperature to 
200°C. The results obtained by the various 
investigators are given in Table 1. It may be 
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Table 1 . Lattice parameters (A) of sodium nitrate at different temperatures 


Temp. 

(°C) 

Saini and 
Mercier[4] 

Kantola and 
Vilhonen[5] 

Cherin et at. [6] 

Present study 

a 

c 

a 

c 

a 

C* 

a 

c 

25 

5-070 

16-818 

5-071 

16-818 

5-071 ±0-002 

16-825 ±0-003 

5-0694 ± 0-0002 

16-8200 ±0-001 

100 

5-075 

16-965 

5-076 

16-97 

5-074 ±0-002 

16-976 ± 0 004 

5-0726 ± 0 0002 

16-9538 ±0-001 

150 

5-079 

17-084 

5-079 

17-09 

5-075 + 0-003 

17-070 ±0-004 

5-0754 ± 0-0002 

17-0638 + 0-001 

200 

5-084 

17-221 

5-082 

17-24 

5-079 ±0-003 

17-164 + 0-005 

5-0791 +0 0002 

17-2050 ±0-001 

250 



5-085 

17-46 



5-0871 +0-003 

17-4703 ±0-01 

300 



5-089 

17-77 



5 -0890 ±0-003 

17-6876 + 0-01 


seen from Table 1 that though there is fair 
agreement between the values of ' a ’ at all 
temperatures, there is good agreement 
between the values of V’ only at room tem¬ 
perature. At higher temperatures, the agree¬ 
ment between the values of V’ is rather poor. 

The powder specimen of sodium nitrate 
used in this investigation is prepared from 
crystals obtained from solution in water of 
an Analar grade sample. Using a 19 cm high 
temperature camera, powder photographs 
are taken with Cu radiation from a Raymax- 
60 demountable X-ray unit, at different 
temperatures ranging from the room tempera¬ 
ture to the melting point. The experimental 
details and the method of evaluating the 
lattice parameters and the coefficients of 
thermal expansion are given in a recent 
paper[7]. 

Reflections 5, 0, 4; 2, 2, 16; 3, 1, 16; 
4, 1, 12; and 5, 1, 4 (in terms of hexagonal 
unit cell) recorded in the Bragg angle region 
63°-83°C have been selected for evaluating 
the lattice parameters using Cohen’s[8] 
analytical method. Above 250°C, as some of 
the high angle reflections are very much dimin¬ 
ished in intensity, a few reflections of Bragg 
angles between 50° and 73° have also been 
included. In calculating the lattice parameters 
independent measurements and calculations 
have beeamade using several films. 

The lattic^Hlrameters obtained at different 
temperatures are given in Table 1 and shown 
grariMM* Fig- >• The data of the other 



Fig. 1. Lattice parameters of sodium nitrate at different 
temperatures. 

investigators also are shown graphically in 
Fig. 1 for comparison. The coefficients of 
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expansion at different temperatures are given 
in Table 2 and shown graphically in Fig. 2 
along with the data obtained by other in¬ 
vestigators. The temperature dependence of 
the coefficients is represented by the following 
equations: 

a„= 135-60 — 75-67 x 10“ K r -F 5-23 x 10~ 8 / 2 

<T = 6-82+ 1-44 X t0~ 8 f-F l-82x 10 _lo f 2 

where t is in °C. 

A few photographs recorded at different 
temperatures are shown in Fig. 3. Figure 3 
shows that the displacement of reflections 
with large 1 indices, 2. 2, 16; 3, 1, 16 and 
4, 1, 12 are much more than those of 5, 0, 4 
and 5.1,4 the reflections with small 1 indices. 
This is on account of the large value of a,, 
when compared with a x . 


Table 2. Coefficients of thermal expansion 
of sodium nitrate at different temperatures 


Tempe¬ 
rature (°C) 

a x x 10“ 

£*iiX 10“ 

Obs. 

Calc. 

Obs. 

Calc. 

50 

8 33 

8-00 

104-01 

111-10 

90 

9-27 

9-60 

117-68 

120-70 

130 

11 64 

11-78 

132-82 

130-37 

170 

14-10 

14-54 

163-44 

161-11 

210 

18-44 

17-89 

208 94 

212-91 

250 

22-29 

21-82 

264-67 

279-79 

290 

25-89 

26-32 

375-17 

364-17 


The lattice parameters at room temperature 
obtained in the present investigation are 
compared with the values obtained by other 
workers in Table 1. There is good agreement 
between the values obtained by the various 
investigators. 

Table I also shows the lattice parameters 
obtained at different temperatures by various 
investigators. There is reasonable agreement 
between the values of the present investigation 
and those given by Kantolal5]. The values of 
the ‘c’ parameter obtained by Cherin et al. 
[6] at higher temperatures appear to be very 
much in error probably on account of the 



Fig. 2. Thermal expansion coefficients of sodium nitrate 
at different temperatures. 

single crystal method used by them for higher 
temperatures. 

The coefficients of thermal expansion at 
50°C reported by various investigators are 
shown in Table 3. There is good agreement 
between the values of the present investigation 
and the values reported by Austin and Pierce 
[3] and K.antola[5], 

Figure 2 shows that there is good agreement 
between the coefficients of expansion obtained 
in the present investigation and the values 
reported by Kantola[5] up to 250°C. Above 
275°C Kantola[5] reported a sudden decrease 
in the value of a,|, which has not been observed 
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Table 3. Comparison of coefficients of 
thermal expansion of sodium nitrate 


Temp. 

<°C) 

Method 

Author i 

X 10“ an X 10® 

50 

X-ray 

Saini and 

10-42 

93-60 



Mercier[4] 



50 

X-ray 

Kantola[5] 

1000 

120-5 

50 

Interfero- 

Austin and 

U-00 

120 


meter 

Pierce! 3] 



50 

X-ray 

Cherin et al.\h\ 

6-25 

127-29 

50 

X-ray 

Present study 

8-33 

111-10 

in the 

present 

investigation. 

It 

may be 


mentioned that on account of the low intensity 
of the high angle reflections above 250°C, 
it is not possible to get accurate values of the 
cell parameters above 250°C. Consequently 
the percentage error in a,, will be very large 
and this may be the reason for considerable 
differences between the values of a,, reported 
by us and those of Kantola above 250°C. 
Thus the present investigation has shown that 
both ai and of sodium nitrate continuously 
increase with temperature upto its melting 
point. 
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Evidence of deformation twinning in natural 
diamond crystals 

(Received 2 June 1969) 


1. INTRODUCTION 

Friedel and Ribaudfl] observed a relaxation 
in the birefringence of a diamond crystal 
which was heated to 1880°C. They interpreted 
their observation as evidence of plastic flow 
relieving internal strain. The experiments of 
Gallagher[2], Bell and Bonfield[3], Penning 
and de Wind [4] and Peissker et al. [5] on 
crystals of the diamond structure like silicon 
and germanium have shown that extensive 
plastic deformation of these crystals occured 
at temperatures in excess of one-half to two- 
thirds of their absolute melting temperatures. 
In the case of diamond itself, slip lines have 
been produced by Seal[6], Phaal[7] and 
Evans and Wild[8] and evidence is conclusive 
that diamond which is hard and brittle at 
ordinary temperatures becomes ductile when 
suitably heated. Williams [9]. Tolansky and 
Omar[IO] and Tolansky et a/.fll] have also 
reported observing slip lines on natural 
octahedral faces of diamond. 

Plastic deformation in crystals can take 
two distinct forms; slip and deformation 
twinning. Slip is fundamental and an essential 
prerequisite for twinning and Maruyama 
[12] has shown that their relative probabilities 
depend on pressure and temperature. Earlier. 
Seifert[ 13] had postulated that the twin 
lamellae in galena was of mechanical origin 
and formed in nature at high pressure and 
temperature. 

Diamond formed in nature, presumably 
at high pressure and temperature, and able 
to slip might twin as well. No evidence 
however of deformation twinning in diamond 
has ever been reported. According to Cahn 
[14], twinning even in materials of the diamond 
structure requires to be confirmed. 




Fig. 3. Powder photographs of sodium nitrate at different temperatures. 


[Facing page 890] 
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In the above background, the observations 
herein reported are significant as they offer, 
perhaps for the first time, evidence that 
deformation twinning occurs in diamond. 

2. OBSERVATIONS 

The features studied are similar to those 
studied by Tolansky et al.{ 11] on one crystal. 
They appear as linear discontinuities on 
octahedral faces of natural diamond crystals 
and run parallel to a {110) direction lying in 
the face. Often they show trigons 'strung' on 
them —a characteristic first observed by 
Sutton [15]. The trigons may occur close 
together or may be far apart. Very often the 
lines extend right across a whole face and 
sometimes may be followed round the crystal 
edge and across one or more adjacent faces. 
There is always a step on the surface, the 
magnitude of which might vary from line to 
line as well as along the same line. When 
multiple lines occur side by side on a crystal, 
generally the less pronounced of them are 
also the shorter. Figure I brings this out. 
Line A extends over more than two-thirds 
the length of the crystal face, whereas B and 
C which are fainter are also respectively 
shorter. 

Tolansky et al. Ill] in the crystal studied 
by them, noted that the lines were strictly 
straight and parallel giving no suspicion what 
so ever of any fracture along them. Figure 2 
provides an interesting case where after having 
been sharp and straight for a considerable 
length, the line unmistakably wriggles towards 
the right end. Figure 3 shows a wriggling part 
of a long line passing through two tiny trigons 
at the two ends. Despite the wriggling, the 
overall direction seems fairly well maintained. 
Occasionally after passing through centres 
of trigons and maintaining their rectilinearity 
and direction over a considerable length, they 
change their course and even direction. An 
example is in Fig. 4. It is interesting to note 
that towards the left end the line after devia¬ 
tion manages to pass through the centres of 
some trigons. Another interesting case is in 


Fig. 5 where the line loses direction, regains 
it and in the process gets laterally displaced. 

The nature of the discontinuity becomes 
evident when examined at high magnification 
after tilting the crystal suitably. The appear¬ 
ance of the line as a mere discontinuity 
undergoes a veritable transformation and its 
structure unfolds itself. Figure 6 shows at high 
magnification a small length of a line passing 
through two trigons side by side. A slight 
tilt to the crystal surface gave Fig. 7 where 
the structure of the discontinuity becomes 
evident. Without doubt it has all the appear¬ 
ance of a twin lamella. 


3. CONCLUSION 

The formation of twin lamella with step on 
the surface is proof that the phenomenon is 
deformation twinning. For slip and twinning, 
high pressures and temperatures are neces¬ 
sary. It must be mentioned here that in none of 
the several cases studied, was there any 
evidence of graphitization on the surface. 
This suggests according to the Berman- 
Simon equilibrium curve [16] that the phen¬ 
omenon could have occurred even as the 
diamond was formed in nature. The clear 
evidence of occasional fracture along the 
lines is consistent with the very intimate 
relation between fracture and slip and twin¬ 
ning. At the same time, the propagation of 
the lines without obvious fracture sometimes 
over considerable lengths need not present 
any puzzle as we know from the work of 
Bridgman [17] that high pressure could 
enhance plasticity and inhibit to a large extent 
brittle fracture. The propagation of the 
features through centres of trigons suggests 
intrinsic weakness in the planes containing 
trigon centres. This agrees well with the 
theory of trigon formation around lattice 
defects proposed by Varma[ 18]. 

Churchman! 19] has shown that when 
crystals containing twin lamellae are annealed, 
the lamellae sometimes disappear leaving the 
surface steps behind. What would happen 
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in the case of the diamond twins would be an 
interesting study. 
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Fig. I. (x 200) Line A extends over two-thirds the length of the crystal face and is well 
pronounced. B and C are shorter and relatively (ess pronounced. 



Fig. 2. (X 200) The discontinuity line having been sharp and straight over a considerable length, wriggles towards the 

right end. 



Fig. 3. (X 250) Despite the wriggling, the overall direction of the line seems well maintained. 


[ F acing page 892] 



Fig. 4. (x200) F-ing through 

and direction over part of* ^ of trigons on the left. 



Fie 5 (x 200) A l.ne loses direction, regains it and gels laterally 

displaced in the process. 



Fia 6 (X760) A small length of a line passing through two trigons side by side. 
*' seen at high magnification. 




Fig. 7. (x 760) The nature of the discontinuity as a twin lamella becomes abun¬ 
dantly clear. 
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ERRATUM 

A. P. BATRA, A. L. LASKAR and L. SL.IFKIN: Low temperature suppression 
by chlorine of diffusion of gold in silver chloride. J. Pftys. Chem. Solids 30 . 2053 
(1969). 

The missing fourth line ip the Conclusions on page 2058 is: 

0-47 eV. At low temperatures, the diffusion is 
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